
J-K-

fV

_ mm Ewa



Tud~ J~~ireou"No.' 22-),0293LEVEL$"rl6,
1)),PAiTMI.,NT OF GEOLOCICAt, SUC tENCES

210 KI ISX$.L'r, IIALL0 CoRNIEJTL UN IVERSITY
ITIACAv NEW YORK i4d5)

FT.NAL, REPORT

~to

AIR FORCE OFFICE OF SCIENT' C RE40SARCl1

from

C CRNELL UNIVERSITY

DEPARTkWNT OF GEOLOGICA") SCIE'CZS

T.tle of 1)roposal: Integrated GOopliysical and Geological
Study of Earthquakes in Normally

A&eismic Areas

Sponsored by: Advanced Resenrch Projects Agency

AR'A Order No. 1827

Program Code: 410

Effective Date of Contract: 1 March 1973 Ole

Contract Expiration Date: 31 Dec 1975

Amount of Contract Dollars: $210,218

Contract Number: AFOSR 73-2494

Principal Investigators: Jack E. Oliver
(607) 256-2377

Bryan L. Isacks
(607) 256-2307

djack E. Oliver
"-Principal Investigator A

%PP
Bryan' L. Isacks 4

Principal Investigator



DISCLAIMER NOTICE

THIS DOCUMENT IS BEST QUALITY
PRACTICABLE. THE COPY FURNISHED
TO DTIC CONTAINED A SIGNIFICANT
NUMBER OF PAGES WHICH DO NOT
REPRODUCE LEGIBLY.

_ _/

-- --, e



-d

SECIUR!TY Ci ASSIflCAT!ON -OF THIS AGE --n --le---

'"~~~~~ Atr~r~il I ED N S TRUCIO

__. I.REPOmrI NUMB5E R 1.GoVT ACCESSION NO.- V-RL~Z7S CATALOGW

A. -..L (d Si~tie /L~non
ratedI - Geophysical and Geological Study /inal/5 chn icziftS-

IC o~~1-Irthuakzes in ArascI1nalS7-3 vA
P rR.Ff RMING OR G. pp~O--

U I - 32 4 9 94 - --
I byni~h 'anesf0ork 2

PIZ PE;O 'tOGAN'ZATtOt., NAME AND __
o-E WORK

1
= UNIfl 1

Unic~ .. versity 
1

cwen t r

ItLh. a~ c H York 14853 -- oe -Task AO 18-

1.jRG.LiNG-r OF CE NA ME A! I A -ED~

A44.=-rc Ofnice of Sc-rtf 'Research/NPG (pf r~7

;,G ~ t.CY NAMEt v A ...... a Conrl~A Oft ccj f~IT? CLASS.(.

CLL"51 F IC AT. --N,=DO =-

D19. su-:. STATLIFAEN.T (o! hn.M- :;

.7. -R- T-0N S ATMENT(ol.1h rf-:e inBloc 20 H 4.''c- rm

TI pov- fo2ulcr'e-e lsrbt

___ m

t
17.C 5ST.WUTIO STATEhme T O vz- .. aed indlo by bo,' if d -krcn

"rrt '= cs orspubial L' do St-. NnR v

IIzdct verica ____ _____ fatrt vrg Ilc-

and13 &Possible~ uoEnz It-o -eldfut.-----efutn

_ _h_ _ _ _ _ _ _ _ _

119 'aer .. an U-irk. exxnnddthei seisic prcuru thog Hi----

S E C i11TYC A- ..0F -m P-1



p/

60 ~ .4-4C"
_-A-

~~~~~TECHNICIAL RU-I-AR , SU1-11" MIARY ; n

Technical Problem T CTL"y '

.Although a cosistent and relatively successful theoretical and

empirical framework has been develo;ad for understanding seismicity

near lithospheric plate boundaries, earthquakes occurting vithin

these boundaries remain a little understcod phenomenon. Intraplate
earthquakes are less ccmaon than seisnic events in active tectonic

regions, but they are known to reach lar -r Thaituees. e fact that
propagation of seismic energy is tore eficient tn at least some

intraplate regions coupled wtthe general lac o

M precautions again;t the occurrence of nearby earthquakes in these
Sregions dramatically increases the potential destructiveness of a

large intraplate event. In addirion to the s for seismic

hazard evaluation, the general lack of kz ied -o -A. conceraing intra-

plate seismicity makes di4scr i.ation of such events from nuclear

- explosions very difficult. The problem which this study addresses is

therefore to correlate what is known about intrapiate seismicity, and

to apply old and new research techniues to this study in order to

develop a better understanding of the characteristics of the events.

General Method

In order to circumvent the limitations placed on studies of intraplate

seismicity by the infrequent occurrence of such earthquakes, data from

sources outside of seismology must be incorporated and evaluated in a
study such as this one. Collection and sythesis of information from

precise leveling, theoretical oeomechanics sea level observations,

geomorphology, photogeology, the sedimentary record, igneous activity

and faulting have been undertaken. Several literature reviews on

related subjects have been co'pleted. A conplete data set of elevation

change measurements for the eastern United States has been prepared in

cooperation with the National Geodetic Survey. This leveling data has
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-been used to provide valuable information on vertical crustal movements

in the eastern United States. Theoretical computations have been used

-to derive physical models of the forces which may be responsible for

these leveling derived moverents. The study goup in photogeology has

obtained and analy zed ERTS (now LU SA) and X[LAE photographs of

Eurasia and the United States. Special U-2 issions have been flown

to provide detailed coverage of regions of Pnaricular interest in the

United Staes. IMpping of Photo features has been integrated with
available seismic fault plane solutions, seit ciIty patterns, and in

situ stress measurements. Field excursions -ere undertaken -to verify

and identify features indicated in aerial photograp.s of the eastern

United States, as well as to investigate areas of particular interest

as suggested by leveling and seismic c

In addition to the detailed research concerning the eastern united

States, consiUera-le effort has been directed at another intraplate region,

China. in attem pting to study the seismicitybf intraplate regions one finds

that mainland China is ideally suited for this type of investigation
because of its relatively high seismic activity and large nunber of
b- ecs e '" 173-a"

.destructive eartiuakes. In addition, the re orded history of Chinese

earthquakes goes back much farther than any other area in the world, thus

making China the best location fur the study of time variations earthquake

* __ activity. Seism-icity maps covering various time periods and agnitude

ranges have beer made. The use of the ERTS inagery and geonorphology

permit one to determine recent crustal movents and to better define

the tectonic structure of China. Based on the ERTS imagery, Quaternary

faults in China have been mapped. Study of individual earthquake series

and their aftershocks were carried out in order to define fault trends and
to investigate the space, tine, and magnitude variations along these zones

of weakness. Such studies will help to deter-ine the cause of the larger

earthquakes such as the 1966 series near Hsing-t'ai in an area that was

- - previously thought to be Seismically inactive.

In order to evaluate the generality of the conclusio s reached in

the detailed research concerning the eastern United States and China,

results of similar studies in other regions, particularly in Japan, Europe,



t and the Soviet Union, were examined so that any fundamental relationships

co- Oi t6 all areas can be discerned and contrasts understood.

Technic i Results

Our efforts toward understanding normally aSeismic regions with an

integrated interdisciplinary approach have focused on two geographic

areas, with specific programs under each:

(1) Eastern United States

(a) Cretaceous and Cenozoic faults and their relation to known seismicity

(b) regional synthesis of vertical .i..rements from releveA data

(c) comparisons of releveling data and tide gauge measurements

(d) local srAi where releveling data suggests possible near-surface

fault reovents

(e) possible sy.e..ac errors in reli-el:ing

(2) China

(a) using EZ=CT i -ry and ei ct data to study seisnotectonics

(b) relocating events in a earthquake swatul to determine the fault

plane

(c) Quaternary faulting in Taiwan

Cretaceous and Cenozoic fau1tina in easter North -erica: Sumary

Because Cretaceous and Cenozoic faulting occurred after the

last major tectonic event in eastern North -Ame ia, such faulting was

produced in a normally aseiinmic region. Seismic data accumulate slowly

in such regions, so data on faulting are valuable for understanding

intraplate tectonics. Dating fault movem-ent usually depends on the

presense of Cretaceous and younger sedirents or features such as glacial

striations. Because such seiments are absen Irem most of eastr Nrth

A merica, intraplate surface faulting is probably much more abundant

tham reported here (see Apendii A). turtherore, there have not been

* systematic field investigations for such fauting except in smail areas.

- The kno-n distribution of the faulting shows some correlation with



seismic regions such- as t-h central rississippi River valley a the

Appalachians. However, sane faults occur in areas i virtually no

historic seismicity i1--Iing that caution should be used in aplxyirg the

historic record to determine future seismicity.

Recent V t cGrus-al 1 .vements --- the Eastern 11'. Ma

Leveling data collected by the N-ati"al C-atic, Survey have been
- used to cons ruct regional and local rofiies of aparentei

crustal o eant in eastrn United States. prvCUL- M-rl=Sae .Tims profileshv

been found to correiate -nith geoic- m structure, suggesting that

these strultures may represent areas of crustal itility.Tage

regions of Fh eastern U.S. seem. exhi it coherent paterns o-

vertical crustal moveent for ex:apie, the Appa ..hians are presently

rising with respect coastal ae, the At -tcand Gu.l oasta

Plains are subsiding relative to theU c o ntinenta interior, arndth

central U.S. is tilting ownr toward- tlhe east. See AB4end 0 -or- further

discussio.

Recent V etial- Crustal Movanent f r-o- Levelina and Sea Level Me-asureme t

Along the East Coat oa the U.S. CS pry.

Sea level measurements indicate reative vertical crusta -ovements

ithe Arrpantic coastal regions. Co-rrasous or sea level rea-surements

with leveling results were used to investigate possible error sources in

the two methods. Differences in sea-level measurtnts between separate

locat-ions r= y indicate possible short-terma crust It ents (ine.

periods on the order of 100 years). In spite of Lfl inherent u n c P

in both sea level and leveling results, we find that the apparent crustal

moveet iniaed by these method's pobablv reflect real ethmovem-jents-

and provide important information on the tectonic processes operating in
the eastern U.S. The results of this study are presented more fully

in Appendix C. Although this region is called "aseisismc these results

indicate that it is far from being "inactive".

_____



L-Tult oven. pP and Leveling Data: S---

When near surfa-ce faults Suffer displacement w-ithl a signifficant vertical

com-ionent (du-e either to ea'rthrjuakes or gradual slip), one would

-expect to se relati:vely. steen tilts in the surface dor' ation Pattern

derived from ren-ated v'cifls across aciv Ifuts.

One of t-he most: s.r'--alsint- Ikn data of 1 1  &st

d S-MtrS Y ll -- a- Us t-emer w -otdJ e

Kentucky, just - ts n e NMie= 4 esi.ppi_ Duz:b ayme nt. Afea deta--il1e d study

ofo the d- r-ad -h region, it was AAn'cctt~ lthr side

plaui' en of the anoaoua Mcmt S nt sen i n the lev eling
dat~ Se nnaa' fr adeailed diecuc-Io or these resul*ts.

Changes theF index.- of refratooflg, caused mainly ly change

in air tempera Le, may cause system-atic errors in icreling. Coparisoa

or two lavelir- -tb diff-erent errors wilres u in apparent but unreal.

verti*cal ThoveLN-= s- Because our won: L.a nr concernd w~ith lvli

data, the. poss:V-la ef -ect of suchi an error was investigated theore"ica11y
Frelinfriar . resl-S t

i'lEiml ereOure gr -dients SUnn- t=' thi

errorL is not significant, but Ll pozs :ible t'emperature gradients have

no t been investigated thor-oug.y See Appendix E fo a detaie- discussion

of these result.

Seisnicity and O-uatern-ar Fan-i' Q.* hina: Surrnr v

With newlyr m-e mosiacs of * t-==DAT4 (forr ly URS-) imagery of China.

criteria were develope to disc"'gu'sn linea-ents on the imagery that

probably rep-resent Quaternary f~aulltzs By analysis of- 1AN'IID SAT image, Y

large strike-slip faisin w~stern China were noted for thef first time.

Btoth the MaoD of- :wilts anti newly compiled seisn-ity maps showna change

in teto-nics frc.m eastern to -weetern China. As has b-can previously proposed,.

it aers that tOne tectonics in 'western China are dominated by the effects
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and a L-- m Ua_ All tes

tlle cil-si-L-n f -he idl a 1 Euasi- p, P. - r of:smu- C

f fus se--1-it i o

of te clliina of n ndia: andeuraa plten a asa e 0 o2 -- lI plate

apnarent fo'Vn. A-s in =1- -Ob ircea.PlozcnutA

ranges sth -a eirzt JhC .tem. -- tae discusi=n

£emstagattn O0 r thier 0- 'c~' A-~ 6 the Cin Usini= "he

* \~Se ses of a'er-te'Y I e Ccl n otz- V- " 4 n

Imrch 19S6- i-- a area with no enr= i S str- U-±- y '!Q.-ed esciv

Em J-fnaanu of LI-AK I in vr rev vd of rc C .1rl f L Ufi

andu--.e3.nem reg--=of -rthern -~ Mho. Joir

EI Ecenter D te r ma iun-(.UE -vs use to. 0 m-l tb '-CTfltCi-

earthzquakes.. Theske loceations, a-long- Thu publi-nhe fault sln - dos

Ustorical carthqluaKr=~eco-5 aand I- D =A-T i Laggetact i pO' a

Qua ernav Faul ting in E-asL t Tawm: Um-

Several recent hvntp mu~ idt WtaZ seskciy iti

Chims rlt to the ae^~ a' Y a!r -raarw'- ~is.

P.j-porly underst od -eartv wit.. euounda.rx has inaw n~.e= -- ere h1s -be en

ccnflictA.. 5 evcew mn v--a vn No Dl -Sthn.

conve rge he-a or Qtcid In o~ -e-aotbr- rhtcUMmg the prelicted Sress

pa ttern wV.-tn CL..tz:-a. Thleretfore, n-- ngi .x=rk pa- -al * 0 rp

by- the AMC01 was udr~taae - i. Ta r to hiai resolve this pr-iI.a

detailed re-Dort is Ba. tJcr Ap -=l H. remin concluse =sm that ther

has been a c o p' c at ecomb.==' 'on of. cove gE and sttike-s'ip- -tion in

-~ Taiwan over at least the psfwmillion yearus.



-APPENDIX A

-CRETACEOUS AND CENOZOIC FAULTING IN EASTERN NORTH AMERICA

James E. York

__ Jack E. Oliver

Department of Geological Sciences

Cornell University

Ithaca, New York 14853

ABSTRACT

Observations of Cretaceous and Cenozoic faulting in eastern North

America provide evidence of modest intraplate tectonic activity in this

region. Thrust and gravity faults are found; strike-slip movement is

not demonstrable but could have occurred in some cases. Fault-movements

are dated by offset Cretaceous, Tertiary, and Quaternary sediments,

Cretaceous kimberlites, and Pleistocene glacial striations. Observed

Cretaceous and Cenozoic displacements range from about 1 mm to several

tens of meters. The faults are found in the central Mississippi River

valley, the southeastern United States, the northeastern United States,

and eastern Canada. Correlations between historic seismicity, fault plane

solutions, and the Cretaceous and Cenozoic faulting in the central Mississippi

River valley and the southeastern United States suggest a close causal

__ tetinip The quality of the correlation between historic seismicity

and Cretaceous and Cenozoic faulting in the northeastern United States

and eastern Canada varies considerably from area to area, and hence the

relation there between Cretaceous and Cenozoic faulting and contemporary

seismotectonics is mcertain.

Sharp offsets in loosely consolidated sediments, the presence of

slickensides and fault gouge, and the involvement of Precambrian or

Paleozoic-bedrock provide the best evidence th&t faulting was associatid



with tectonic earthquakas. The displacement of near-surface deposits

implies that surface faulting has occurred- although it has not been

documented for modern earthquakes in eastern North America. In at least

some cases displacements have occurred along pre-existing faults. The

number and-amounts of Cretaceous-and Cenozoic movements on each fault

has not been determined, but in at least one case the short time span

available for movement suggests that an earthquake of about magnitude

6 as- associated with the displacement. The largest Cretaceous and

Cenozoic displacements must represent more than one movement.

The presence of both thrust and gravity faults and the inconsistent

trends of the faults imply that stresses that vary spatially and/or

temporally, rather than a single stress field acting steadily throughout

the entire North America plate, are responsible for causing this intra-

plate tectonic activity- Key words: faults seismotectonics, intraplate

tectonics, eastern North America.

- INTRDUCTION

Several large earthquakes have occurred in eastern North America

during the past few hundred years. They include the 1663 St. Lawrence

Valley earthquake (maximum Modified ercalli Intensity X, Smith, 1962),

- the 1811-1812 series of earthquakes near New Madrid, Missouri (maximum

intensity XII, Fuller, 1912), the 1886 Charleston, South Carolina earth-

quake (maximum intensity X, Dutton, 1889), and the 1929 earthquake near

the Grand Banks of Newfoundland (magnitude 7, Smith, 1966). Many smaller

but sometimes damaging shocks have also been felt (Fig. 1). Eastern

North A-m rica does not include a major plate boundary, And simple plate

tectonics theory does not account for deformation In the interior of

the North American plate. Thus this area and some other irplate



areas are in that sense anomalobs, and sho-uld be studied to provide

a basic understanding of the earthquake phenomenon there.

Because the seismicity of eastern North America is not high, con-

ventional seismological data such as the space-time-magnitude relation-

ships of earthquakes and their focal mechanisms accumulate slowly; hence

other sources of information are especially valuable. A complementary

source of information is the geologic evidence for prehistoric earth-

quake activity. This geologic evidence consists mainly of observation

of Cretaceous and Cenozoic faulting, the subject of this paper.

\None of the faults discussed here can be considered as major

tectonic features during the Cretac and Cenozoic. The San.Andreas

fault system in southern California has had displacements totaling nearly

300 km since late Miocene time (Crowell, 1973). The faulting discussed

here is minor in comparison. However, in the absence of such large

=active faults in eastern North America, the Cretaceous and Cenozoic

faulting represents a non-trivial record of crustal movements in an

intraplate area.

PREVIOUS IVESTIGATIONS

Previous investigations of seismotectonics in eastern North America

have attempted to relate contemporary tectonics to Paleozoic and Mesozoic

tectonic features (Woollard, 1958, 1969; Fox, 1970), to stress measure-

ments (Sbar and Sykes, 1973), to releveling measurements (Bollinger,

1973a; Br:,wn and Oliver, in preparation), and to seismic wave travel

time anomalies (Fletcher and- others, 1974). Oliver and others (1970)

summarized the occurrences and possible causes of post-glacial faulting

in the northeastern United States and eastern Canada.

Few authors have dealt with the relationship between surface faulting



-and-eartbhquakes in eastern North America for several reasons. FIrstly-
=there have fbeen no -reported cases of surface faulting-during historic-

earthquakes in this region- except for some gravity faulting in uncon--

solidated sediments during the New Madrid earthquakes. Secondly, thereI-are-no- known major f aults with -evidence of large- scale- -movements. since-

-the Triassic. In more seismically active regions, such as California,

-instances of surface faulting during historic earthquakes and abundant

evidence for Quaternary movement on major faults have led to extensive

-studies that help elucidate the tectonics of these regions (for example,

-Allen and others, 1965).-

- During-the course of geological investigations, several authors

have found evidence for Cretaceous and Cenozoic faulting in eastern

North America (for example, see Fig. 2). Their reports, plus the success

Fig. 2 of studies correlating faults and seismicity in other regions, prompted

= -- " the present field and literature search for Cretaceous and Cenozoic fault-

ing.

DESCRIPTION OF FAULTING

Data on known occurrences of exposed examples of Cretaceous and

Cenozoic faulting in eastern North America is summarized with the approp-
Table 1

rate references in Table 1 and Figure 3. At each locality listed in
Fig. 3

Table I there is only a single, usually manmade, exposure. The faults

usually cannot be traced unambiguously over long distances because of

the lack-of a modern fault scarp or-lack of differential erosion along

- - - the faults. To be included in Table 1, the fault must have been found

by either a geologist who reported the fault in the available literature

-- or the authors. This qualification usually implies that the fault must

- be exposed and must have occurred near the ground surface. In -addition,

- ----- -~- - : ~ - - - --~-_ __ _ _ __ _ _ __ _ _



fthe ault must offset rocks or- other features dabable as Cretaceous

or younger. Thus -there very likely: are Ia. 3 e numbers 6 faults 4xv

eastern-North America -with Cretaceous -and Cenozoic -movement- that Are

-not Included in-Table 1-.

Evidence for Cretaceous and Cenozoic faulting that would not qualify

a fault for entry in Table 1 comes from reports of fault based on fault

-plane solutions- for earthquakes (Screet and others, 1974), seismic

r reflection profiles (Jacobeeni i' projected abrupt changes in

Cretaceous or CenoZoic stratigraphy as well log data might indicate,
-escarpments (Fisk, 1944), lineations on aerial photography (Fisk, 194-4)

or--satellite images (Withington, 1973), and other more-spedulative

criteria. Some of these, especially the fault plane solutions, may

represent Cretaceous or Cenozoic :faulting, but we include here only cases-

where fault displacement has been observed and do not include cases based

on interpretation of other- data.

The gravity faults of the Gulf Coastal Plain are also not included

even though some such faults are thought to have minor earthquakes and

surface movement associated with them (Fisk, 1944, p. 33; Kehle, 1970).

These are growth faults and do not seem to apply directly to the problem

of why large earthquakes occur -in eastern North America. Gravity faults

exposed only in unconsolidated sediments are also not included, as such

faults may be the result of local slumping.

Some characteristics of the faults described in Table 1 suggest

that an earthquake was associated with fault movement, although there

is no archeological or historical evidence to suggest that movement on

any of the faults discussed here occurred during historic earthquakes.

Firstly, bservations that most of the faults form sharp dislocations in
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uncnsolidated sediments (for --example,_ Fig. 4) suggest that a sudden

movement caused the offset. Iff the displacements were ;the result of

creep on-a fault in the bedrock, a wider and more disordered zone

would probably be formed in the unconsolidate ediments above the

bedrock. Secondly, it can be -seen that, in most cases, the fault is

observed to cut Paleozoic or Precambrian bedrock. These observations show

that- the-faults are not limited to the near-surface zmcons0lidated sediments.

These two characteristics suggest, but do not prove, that. the fault dis-

-placements observed at the surface resulted from the rapid upward

propagation of faulting. It appears reasonable to assume that an earth-

quake accompanied this faulting.

Another characteristic of many Of the Cretaceous and- Cenozoic faults

is -the presence of fault gouge and slickensides. While gouge and slicken-

sides are also characteristic of many known earthquake faults, they- are

not conclusive evidence in support of the association of-earthquakes

with movements on the Cretaceous and Cenozoic faults. They are, however,

suggestive of this association.

It is desirable to distinguish between tectonic earthquakes and those

caused by gravity-driven mass movements such as landslides. Landslides

commonly include gravity faulting, and thrust faulting may occur at the

toe of a landslide. However, there is no evidence in the present landscape

-to suggest that landslides caused any of the faults in Table 1, and involve-

ment of the bedrock is further evidence against this association in some

cases. Therefore, most of the faults in Table I probably represent

tectonic effects.

Assuming that earthquakes were associated with movements on the

futvery rough estimates of the magnitudes of these earthquakes couldf,

in principle, be made. Since we have no estimates of the lengths 6t



depths of ,the faults we can deal only with displacement-. Bonilla and

Buchanan :(1970) developed a relationship between magnitude and maximum

-fault displacement based on historic earthquakes with measured ground

:surface- displacements and known magnitudes. Most of these earthquakes

occurred in areas of higher seismicity than that of eastern North America,

--but let us assume their relationship applies to this area as well. For

thrust faults, they find average surface displacements of about 3 M for

a magnitude 8 earthquake, I m for a magnitude 7 earthquake, and 0.5 m

for a magnitude 6 earthquake. They also find that surface displacements

are usually not observed for earthquakes with magnitudes less than 6,

although this observation could be caused by difficulty in detecting

s mall surface displacements. Because one magnitude 7 earthquake-is

probably more destructiye than two magnitude 6 earthquakes at the same

loeality, the determination of the number and amounts of movements that

- caused the displacements listed in Table I is of considerable significance.

- Unfortunately, there are usually no data on the number and amounts of

movement. Although some of the displacements listed in Table 1 may

represent Just one movement, the larger ones, several tens of-meters,

probably represent more than one movement, because such large displace-

ments are rarely associated with single earthquakes

At the second Drewrys Biluff locality (Fig. 4) of Table i, surface

faulting of 0.6 m.during a short interval in the Cretaceous can be.

demonstrated. Here faulted Cretaceous sediments- of silt, sand,- and peat

are .-oerlainby unfaulted, or at least much less offset, Cretaceous

conglomerate. This relationsh!p indicates that faulting occurred contempo-

raneously with sedimentation and at the surface. There was about one

half meter of fault movement between the deposition of the sand, silt ,

and peat and the deposition of the conglomerate. This movement could



-well have occurred in one earthquake, In which case the displacement

of about one half meter suggests the earthquake had a magnitude of

about 6. For the other faults in Table 1, the ages of -fault movements

- cannot be bracketed by such a short time span.

IMPLICATIONS FOR CRETACEOUS AND-CENOZOIC TECTONICS'

In order to study only intraplate tectonics, the effects of.

faulting in eastern North America that were associated with the initial

opening of ocean basins must be avoided. The initial opening of the

Atlantic Ocean is dated as late Triassic and early Jurassic along most

of eastern North America (Pitman and Talwani, 1972); hence, Cretaceous

and Cenozoic tectonic activity in this region can be classified as

01" itraplate tectonics. The rifting in the Baffin Bay-Labrador Sea area--

and along east Greenland is dated as Cretaceous and Tertiary (Pitman and

= Talwani, 1972). For this reason reported Cenozoic faults in west Greenland

(Koch, 1929) are not included in this study; these faults displace

Tertiary basalts. The age and mechanism of formation of the Gulf of

Mxico and the Mississippi Ebayment is less certain than those of the

above two regions. However, the major faulting associated with the

formation of the Mississippi Embayment can be dated as post-Carboniferous

and pre-Cretaceous (King, 1951); hence the Cretaceous and Cenozoic faulting

there can be classified as intraplate faulting.

The most recent movements on the faults described here can usually

be dated only as younger than faulted Cretaceous, Tertiary, or

Pleistocene sediments. For the faults listed in Table 1 only at the

Drewrys Bluff locality described above can a lower limit to the age of

faulting be found. Thus, although all the faulting described in Table I

represents Cretaceous and Cenozoic tectonic activity, the precise time



of faulting-may be quite different for different faults.

The Cretaceous and Cenozoic faults provide information on several

aspects of intraplate tectonics in eastern North America. The first is

the question of whether new faults are being formed in rocks of pre-

Cretaceous age or whether old faults are being reactivated. Fox (1970)=

reported that most earthquakes in eastern North America occur in areas

with known faulting, although the age of faulting can usually be dated

only as Paleozoic or younger. Page and others( 1968) have suggested

that minor seismic activity along the New Jersey-New York border may be

associated with the Ramapo fault, a Triassic graben border fault. At

two localities in Table 1 the faults can be shown to be reactivated faults,

because the displacement in the bedrock is greater than the displacement

in the overlying Cretaceous and younger sediments. The first locality

is near Greenwood, Virginia, whre the fault occurs in a major shear zone

(Nelson, 1962) that is Paleozoic in age. The second locality is Pumpkin

Hollow, New York. Here and at most other postglacial fault localities

described by Oliver and others (1970) the faults occur along cleavage-

surfaces of slates. Offsets of small scale banding at Pumpkin Hollow

M "and also at Halifax, Nova Scotia (Oliver and others, 1970) show that

the fault had previous displacements larger than those of the scarps.

Another case of a reactivated fault is reported to be near Smithland

in western Kentucky (Rhoades and Mistler, 1941) but is not included in

Table 1 because the fault plane is not exposed. At the Smithland locality,

about 300 m of vertical movement is indicated by changes in elevation of

rock units across a northeast-southwest trending fault, and only 40 to

50 a of this movement is Cretaceous or younger. At most localities in

Table 1 the limited extent of exposed bedrock does not provide sufficie-

information to determine whether the fault is new or reactivated, but -

is possible that all of the faulting in Table 1 occurred along p~-
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Ing faults.

The second aspect of intraplate tectonics about which the Cretaceous

and Cenozoic faulting gives evidence is the state of stress in part of

the North American plate. Sbar and Sykes (1973) summarized data from

in situ stress measurements and from earthquake fault plane solutions.

They find evidence for east to northeast trending horizontal compressive

stresses higher than would be expected from the lithostatic load, over

an area from west of the Appalachian orogenic belt to the middle of the

continent and from southern Illinois to southern Ontario. Within the

Appalachians they do not find consistent trends. Using many more fault

plane solutions, Street and others (1974) find a complicated stress

pattern in the central United States. The data on Cretaceous and Cenozoic

E ifaulting do not show a consistent direction of maximum compressive stress

axes for Cretaceous and Cenozoic time in the part of eastern North America

covered by the data (Fig. 3). Thus, to whatever extent surface faulting

is indicative of crustal stress, the data discussed here indicate that

the stress system causing intraplate seismicity has varied spatially or

temporally or both.

The faulting may also provide information on contemporary tectonics.

In more seismically active regions, such as California, a fault which has

not moved since the Cretaceous may often be considered as having no relation

to contemporary tectonics. However, in eastern North America, earthquakes

which occurred in, say, the early Tertiary are just as much a mystery as

modern earthquakes. Understanding this paleoseismicity may be helpful

in understanding contemporary tectonics, because both represent intraplate

tectonic activity. Before discussing the relation of the faults in Table I

to contemporary tectonics, two cases of faulting that may not be related

to the present tectonic regime will be mentioned. Pirstly, the faults
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that offset Cretaceous k-Iberlites (dated by Zartman and otbers-, 196M7

-may be associated with stresses that were active only near the time of

intrusion. The second case is that of the postglacial faults described

by Oliver and others (1970). These postglacial faults, which are in

the northeastern United States and eastern Canada, usually occur along

the cleavage surfaces of slates, have small displacements, usually less

than a few centimeters, and are numerous. The field data on these post-

glacial faults appear to favor expansion of the rocks and subsequent

rotation of the cleavage planes as the cause of faulting (Oliver and

others, 1970). This expansion-might have been caused by removal of the

late Pleistocene i-ce load (Lawson, 1911). Although there is some seismicity-

in the region where these postglacial faults occur in the Appalachian
FOldbelt, Modern seismicity is virtually absent near similar occurrences

faults with historic seismicity suggests that the deformation is complete,

although Sbar and Sykes (1973) do report cases of deformation of man-made

structures in New York State and surrounding areas that indicate the

continued presence of high stresses.. Thus the relation of these post-

glacial faults to contemporary seismotectonics is still an open question.

The remainder of this discussion is limited to two regions, the

central Mississippi River valley and the southeastern United States,

where the correlation of Cretaceous and Cenozoic faulting with modern

seismicity is better. Both regions have experienced moderate seismic

activity in historic time (Fig. 1), and some trends of seismicity in

these regions may be seen (Fig. 1). A first glance at Figure I reveals

that small earthquakes occur throughout most of the eastern North America.

However, most of the larger earthquakes occur along certain trends. One

trend is along the Appalachian foldbelt. A parallel trend, without



apparent tectonic control, appears from the head of the Mississippi

Ef bayment to the St. -Lawrence Valley. Cross trends are seen in the

northeastern United States-eastern Canada area and in South Carolina.

Minor cross trends are present in the Mississippi Embayment region and

in Virginia. In the following sections the trends of the faults will

be compared with the seismic trends, with trends of major pre-Cretaceous

fault zones and with fault plane solutions.

- -Central Mississippi River Valley

Historically, the central Mississippi River valley has been one

of the most seismically active areas in eastern North America (Fig. 1).

The data on the Cretaceous and Cenozoic faulting in this region (Fig. 5)

suggest that this high activity had been characteristic of this region

- = earlier in Cenozoic time also. This suggestion is based on three observa-

tions. Firstly, the density of Cretaceous and Cenozoic faults in this

region is greater than in other areas of comparable site which are also

covered with Cretaceous and younger sediments. Secondly, the magnitude

of displacement on some of these faults is much greater than on most

Cretaceous and-Cenozoic faults in other parts of eastern North America.

Thirdly, some post-Cretaceous tilting of sediments and formation of

l astic dikes can be dated as pre-Pleistocene (Rhoades and Mistler,

1941).

Most of the faults shown in Figure 5 are only seen to involve

unconsolidated sediments and hence cannot be shown to be continuations

of faults in the basement. However, there are at least two cases where

the consolidated Paleozoic sediments are also involved in the faulting.

The first fault is at the Benton, Missouri locality (Table 1). This

fault is not exposed but is based on well logs from 3 wells drilled by

three different drilling companies (Grokskopf, 1955). In each well a
Sequence of Cretaceous and Ordovician Sediments overlie another

-a se..... ments overlies ao_
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sequence of Cretaceous and Ordovician sediments. This relationship

indicates that a thrust fault is present between the two sequences.

S Assuming that the three fault locations determined from the well data

represent the same fault, one obtains an east-west trending fault with

a 1 degree dip to the south. This extremely low dip suggests that the

assumption of one fault is in error and that two or three faults are
present. The second fault that nvolves Paleozoic rocks tendsnorth-

east near Smithland in western Kentucky (Rhoades and Mistler, 1941) and

is discussed above. Mateker and others (1968) also mention a northeast

trending fault that cuts Paleozoic and Cretaceous rocks. Therefore,

although-some of the faults described in the Mississippi Embayment could

be only surficial faults In unconsolidated sediments, at least some

represent extensions of faults from Paleozoic rocks into younger sediments.

There are no major fault zones known in the Cretaceous and younger

sediments of the Mississippi Embayment, but major fault zones do exist

north of the embayment. Because of the lack of Cretaceous and younger

sediments north of the embayment, fault movements there cannot easily

be dated, except as post-Cretaceous, because they trend into the embayment

and are there covered by Cretaceous sediments. The New Madrid fault

zone is the major fault zone that is truncated by the Mississippi Embay-

meat. This fault zone trends northeast from the northern end of the

embayment (Heyl and others, 1965). The other fault zone that is truncated

by the embayment is the Ste. Genevieve fault zone. This fault zone trends

northwest from the northern end of the embayment (Heyl and others, 1965).

The seismic trends (Fig. i) also show a major northeast trend and a minor

northwest cross trend. The fault plane solutions of Street and others

(1974) show mostly northeast trending faults in the area of the exposed

New Madrid fault zone and along its projection southwestward beneath



the embayent. Street and others (1974) also report west and northwest

trending faults in southeast Missouri. Four of the Cretaceous and

Cenozoic faults of Table l are subparallel to the northeast trend

(Fig. 5). Faults at three localities in Table 1 are subparallel to

the northwest trend (Fig. 5). The correlations of Cretaceous and

Cenozoic fault strikes and fault plane solutions with pre-Cretaceous

fault zones suggest that the pre-Cretaceous-faults are being reactivated.

The correlations of Cretaceous and Cenozoic fault strikes with historic

seismic trends and with fault plane solutions suggest that the northeast

and northwest trends are real and that these seismic trends had been =

active earlier in Cretaceous and Cenozoic time.

Southeastern United States

There are three main seismic trends in the southeastern United

States. One is in the Appalachian orogenic belt and is parallel to the

K trend of the belt. The earthquakes in this trend occur mainly in the

Blue Ridge and Valley and Ridge provinces (Fox, 1970). The other two

trends are transverse and are in the Piedmont and Coastal Plain provinces

in South Carolina and in Virginia -(Fig. 1). The Quantico and Drewrys

Bluff faults (Table 1) trend nearly east-west and are in the transverse

seismic zone in Virginia. Some of the other Cretaceous and Cenozoic

faults are subparaflel to the Appalachian structures (Fig. 6), but this

correlation is not highly convincing. This poor correlation may be

caused by the complicated structure of the Appalachians or by the

complicated nature of intraplate tectonics.

The Crystal River, Florida fault may be connected with movement

on the Ocala uplift (Vernon, 1951). The region of the Ocaa uplift is

an area of min6r seismic activity (Fig. 1), although, as elsewhere in

eastern North America, the correlation between earthquakes and specific

faults is uncertain.
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The Deep River, North Carolina locality includes several gravity

.faults that offset Pliocene(?) high level surficial deposits, Mesozoic

dikes, and earlier faults (Reinemund, 1955). These faults are within

a Triassic graben. Quaternary gravity faulting with displacements of -

about 0.2 m has also been reported in Middlesex County, New Jersey

(Ries and others, 1904; Salisbury and Knapp, 1917) in the Coastal Plain

above other Triassic basik. Here only unconsolidated Quaternary .sediments

were seen to be faulted, and hence this locality is not included in

Table 1. Gravity faulting was also indicated in northern New Jersey

by a composite fault plane solution (Sbar and others, 1970). The

continruation or reactivation of gravity faulting in Cenozoic time

suggests that extensional stresses are important in contemporary tectonics,

if this faulting is tectonic in origin and not merely slumping.

TWo of the localities in Table 1 represent previously unreported

faults. The second Drewrys Bluff, Virginia, entry in Table 1 represents

three minor faults in addition to the one described (Fig. 4). All are

located in the cliff along the south bank of the James River next to

Fort Darling (a. historical monument). Over a vertical distance of about

2 u, the dip of the main fault decreases towards the surface from 45 to

30 degrees, and the fault splays upward into several branches. Fault

gouge is present, but no slickensides were observed.

The second previously unreported fault is about 2 km east of Saluda,

Polk County, North Carolina (the third entry at this locality in Table 1).

This fault is exposed in a road cut on the north side of country road 1122

approximately 1.2 1m east of the intersection of country road 1122 and 1142.

Here weathered mignatite has been thrust over reddish colluvium. No

lackensides were found. Since the lower nonconformity between the-

colluvium and the aigmitite, is not exposed, only a minimum displacement
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of 4 a can be determined.

CONCLUSIONS

A major unsolved problem in seismotectonics is lack of understanding

of 'the processes responsible for generating the stresses that cause

intraplate seismicity. Possible causes of these stresses include the

effects of varying lithospheric thicknesses caused by isostaticaUy

compensated topography (Jeffreys, 1959; Artyushkov, 1974), erosion and

subsequent isostatic uplift of the Appalachians, sedimentation in and

subsequent depression of the Mississippi Embaymet, and other vertical

movements perhaps induced by lateral temperature and compositional

variations that cause flow in the asthenospbere. Because both gravity

and thrust faults are found, and because the strikes of the faults vary

considerably, one must invoke stresses that vary spatially and/or temporally-

In regions of major active plate boundaries in continental areas,

preexisting faults are usually reactivated during earthquakes, and

faulting sometimes extends to the ground surface. These two characteristics

of faulting have not been documented for modern earthquakes in eastern

North America, and the question arises whether or not this lack of

documentation is caused by the short time period of observations. The

data on Cretaceous and Cenozoic intraplate faulting described here

suggests that it is caused by the short time period of observations.

-- Firstly, in some cases this ntraplate faulting occurs along preexsting

weaknesses. Secondly, the fact that the faults usually cut s'ficial

deposits suggests that surface faulting has occurred. The lack of indura-

dion of these sediments suggests that they vre not deeply buried, faulted!

and then uplifted. Another indication of surface faulting in two cases

is the decreasing dip of the fault plane as it approaches the surface.-

Finally, the correlations of the trends of the Cretaceous and Cenzoisou an-eflzi
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faulting in the central Mississippi River valley and in the southeastern

United States with hi.-ric seismicity, with fault plane solutions, and

with older fault zones suggest that the Cretaceous and Cenozoic faulting

and contemporary seismotectonics in these regions have similar causes.

Thus one may suppose that features of the Cretaceous and Cenozoic faulting,

such as reactivation of pre-existing faults and surface faulting, will

characterize some modern earthquakes.

The distribution of Cretaceous and Cenozoic faulting described here

represents only a small sample of the faults that moved during this timeI- period. Probably not all fault movements came near enough to the ground

surface to be exposed at present. Furthermore, the inability to date

many young fault movements and the lack of sufficient exposures to find

the young movements that are datable surely keep many examples of

Cretaceous and Cenozoic faulting from being identified. Therefore

many more cases of Cretaceous and Cenozoic faulting very likely exist

in eastern North America. Also, because the distribution of Cretaceous

and younger sediments, which are usually needed to date the young fault

movements, has varied throughout time as these sediments are deposited

and eroded, the distribution of the.Cretaceous and Cenozoic faulting

described here is a function of the location of young sediment cover as well as

a function of seismicity. Still, in the southeastern United States and

central Mississippi River valley, the Cretaceous and Cenozoic faults

are found only in areas that have experienced some historic seismicity.

Thus, in these regions, there is some support to the suggestion that

the seismicity is associated with faulting.

Ao data on Cretaceous and Cenozoic faulting have been found to help

eldcidate the tectonics around Charleston, South Carolina. This lack

of data is possibly caused by the thickness (more than 1000 m) of

Coastal Plain sediments here, because fault movements in the basement
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rocks may not remain as sharp breaks throughout this thickness of

s(diments. Whether such large earthquakes may occur elsewhere in

the Coastal Plain or at other locations in eastern North America that

have experienced little historic seismicity, or whether these large

earthquakes will reoccur only near previous historic locations, is still

not known. Faults such as those illustrated in Figures 2 and 4 may

suggest that earthquakes with a magnitude of about 6 can be expected

to occur along the Appalachian trend of seismicity, but this point is

not proved, and the frequency of such shocks is not well determined.

The data suggest that caution should be applied before predicting

future seismicity entirely on the basis of the historical seismic

record.
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ILLUSTRATIONS

Figure 1. Distribution of reported earthquakes in eastern North America

from historical and instrumental data (Bollinger, 1973b; Coffman

and von Hake, 1973; Docekal, 1970; Smith, 1962, 1966; United

States Earthquakes, 1928-1971). Because of the uncertainties in

pre-1928 epicenter locations, two maps are presented. (IA) -Earthquake

epicenters 1534-1971. (1B) Earthquake epicenters 1928-1971. Tectonic

provinces are from King (1969).

Figure 2. Fault in Washington, D.C.,offsetting Precambrian schisz, Pleistocene

-terrace gravel, and Pleistocene loam. Displacement appears to be

about 1 m. Fault is no longer exposed. From Darton (1939).

Figure 3. Cretaceous and Cenozoic faults in eastern North America. Data from table

1 and three more representative postglacial fault locations (Ontario,

Quebec, and Nova Scotia) from Oliver and otFert (1970). Line

segments show strikes of faults; short cros segment i:ndicates a

vertical fault, D on downthrown side; circles sbow fzuits with

unreported strikes; R indicates reverse faults; N indicates normal

fault; pointed barbs indicate reverse faults; straight hachures

indicate normal faults; barbs and hachures are on down dip side

of faults; hourglass symbols show fault zones where fault strikes

vary within limits shown; small square between four short line

segments indicates a horizontal fault. Tectonic provinces are

from King (1969).
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Figure 4. Cretaceous fault at Drewrys Bluff, Virginia. The banded

sediments exposed above the colluvium are loosely consolidated,

interbedded silt, sand, and peat. A conglomerate unconformably

overlies the faulted sediments. Dip-slip displacement is

about 0.6 m; strike-slip displacement is unknown. Two geological

hammers provide scales. Photographed by David Prowell, U.S.

Geological Survey.

Figure 5. Distribution of Cretaceous and Cenozoic faults in the central

Mississippi River valley. Data are from Table 1. Symbols

"- are as in Figure 3. Physical divisions are from Fenneman (1946).

'Figure 6. Distribution of Cretaceous and Cenozoic faults in the southeastern

United States. Data are from Table 1. Symbols are as in Figure

3. Physical divisions are from Fenneman (1946).
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TABLE 1. DESCKIFTIOMS OF FAULTS

Location Type Strike Dip Displacement Youngest Observed Literature
of (meters) faulted 1974 reference

fault& rocks

Belair, Georgia I MOWE 58.80 z 31 Cretaceous -O'Connor and
sediments otherh(197)I

Benton, Kentucky V IsE 90 0.3 Pliocen (1) - Rhoades and
terrace gravels Histler(194l)

Benton. Missouri A - - 15 Cretaceou - Crohskopf
= sedi-ents

5  
(1955)

Bloomfield. Missouri - N55V to - 3-6 Tertlary - Crohaklpf
R30W to sediments (1955)

Bloomfield. Missouri SNw to - 3-6 Tertiary - Crobskopf

US o elm t (1955)

BDckhorn Crossroads, K NSlE 48 W 0.3 Cretaceous - etfl
North Carolinat sedimentsS

Burlington. Vermont -0.9 Cretaceous - Thospaun
kiberlite (1853. o. 53)Clifton For e. V N25V 90 ( 546 -er X Crhtkopf

Crystal River, - R0 . e
Deep liver, N - - "-0 Pliocene(?) - ReineendNorth Carolina sediments (1955)

buCretccu - Cedersrroei7 Buff '8 '. sedntts (1945)
Drevzys Bluff. I M452 45 £ 0.6 .Cretace-u I

Virgini" sediments

M ll1sboro, - - MS 0.9 Tertiary - title(1952)

flydro, I NIC SOW S tertiary I Utits(1952)
-- ~Nrth Carolinatsel

Gentucky aa. W 90 '30 Cretaceo - Rhoades and

Kentucky sid dam edivienta lmistler(191)

Peupkei Nollod. I 110E 65 SE .05 Pleistocene K Olivr and

,Qsantico Virhinia 1 11151 50 S 0.25 Cretaan I Cederstrom
sedx ets (195)

gravels 195BUsalda. 119 18 6?K 5 QaTeraryf - Vanty and2

North Caolina cr

,e~a!
(195)

Saluda, A WN 20 NE 4' Q-atnuEzf2) T- Fara "d
Wlrth Carolia co5lic()

Kenthanock Fals, I - - 0.5 Cretaceous - lXtn(190)New York kinberlites

Upper arllo. K - - '0.3 leistocene

New York glacilte Cushn(193l)
Vtcor sland i -110 - - Cretaceo S X uda W sd

Re York Ailrlte 5  
Ce bi(1931)

Washington, D.C. . .. .(K side '2 Cretaen - Car(195-0)4) sediments9Sauitn D.C.t - '" - Pitcyene - bo(1939)

North carolinaterrace Dum

Saashntn .C. 1 61 'E Cretaceon K Conlry9and

Sal t (rers), N 4 mrl). V (vertical). (hortal )
Fhotcraph of fault i pblisked in the literature eferen e.

5 aleornoc o Prells. i berc is also eso e t a oet th aisolt.

Ti Maloltirie of a pos t cislt,, ed

liersature reference.931
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Vertical Crustal Movements From Leveling Data and Their Relation to Geologic
Structure in the Eastern U niled States

LARRY D. BROWN AND JACK E. OLIVER

Department of Geological Sciences. Cornel Univertiry Ithaca, New York 14853

Through analysis of leveling data. rates of relative vertical motion have been determined for points of a
grid of profiles over much of the eastern United States, The rates are commonly too large to be attributed
to lecling errors and therefore must reflect true earth movements. With some exceptions, modern
movements appear to be related to earlier Phanerozoic trends, but the rates of modern mosemcnts are
much larger than average rates over the past 130 m-y. Thus mo'ements are either episodic or oscillatory
about a long-term trend. If oscillatory, the .Periods must be less than about 10 )r and may be much
smaller. The spatial patterns of the rates of relative motion, or tilts, can be correlated with certain
geological features. The Atlantic and Gulf coastal plains are tilting doanward away from the continental
interior. Along a profile from Savannah. Georgia. to Philadelphia. Pcnnslvania. the Atlantic Coastal
Plain is also tilting downward to the north, with a perturbation at the Cape Fear arch. The Appatachian
Highlands are rising rclatie to the Atlantic Coast at rates of up to 6 mm/yr. The pattern of masima and
minima in relative %elocities along the profiles crossing the Appalachian Highlands province suggests
elongated zones of relatise uplift and subsidence paralleling either the Appalachian drainage divide or the
trend of Appalachian structure. The maxima correlate strongly with topographic highs. There is a
suggestion of correlation of modern seismicity with extremes of relative %elocities in the Appalachian
Highlands province. The Interior Plains are tilting downward to the east at a rate of 2 X 10" rad/yr. the
implication being that glacial rebound is not an important factor south of the Great Lakes at the present
time. The uavelength beteen successive zones of relative uplift in the Appalachian Htighlands is about
300 km. suggesting that at least the entire thickness of the lithosphere is inolved. and probably the
asthenosphere as ,ell. Possible explanations for these phenomena include the effects of hydrologic
variations, phase transitions in the lower crust and/or the upper mantle. asthenospheric currents driven
by ocean and ice loads or plate motions, and stresses derived from nonequilibrium crustal loads or crustal
unloading by erosion.

INTRODUCTION Six continuous profiles of relative velocity have been pre-
pared from NGS data. These profiles cross virtually all of the

The purpose of this study is to relate data from precise major structural provinces in the eastern United States. From
leveling to various geological and geophysical parameters in these profiles several features not previously reported may be
the hope of learning more of the deformation and dcforma- seen, as well as others that are common to most studies of
tional processes. affecting the earth's crust. The area focused leveling data. In many cases, but not all, modern relative

Eupon is the eastern United States, for which leveling data have movement is in accord with the direction of movement in-
been collected and were generously made available by the dicated by the geological record for part or all of the Phanero-
National Geodetic Survey (NGS) of the National Oc-:an Sur- zoic. Thus the Atlantic and Gulf coastal plains are tilting
vey (formerly the U.S. Coast and Geodetic Survey). The analy- seaward and the Appalachians are rising. As has been found
sis and approach used here differ somewhat from those of elsewhere, the rztes of mosement, however, are larger than
many previous Studies in that emphasis is placed on the level- those deduced from the geological evidence. In fact. they are
ing data alone and on the relative velocities (or tilt rates over so large (note that I mm/yr = I km/m.y.) that they could not

Ei finite segments) determined from those data. It is this informa- continue without change for long (say one or a few million
tion that is related to geological parameters. Commonly, level- years) without unreasonable deformation of the c-arth's sur-
ing information is adjusted by warping the leveled surface to face. Thus there are two possible conclusions. Either the level-
fit sea level measurements at certain common points and to ing data are in error and hence misluading, or eise contempo-
obtain internal consistency within the level net. From differen- rary movements are episodic or oscillatory, perhaps about
ces of two such adjusted surfaces, 'absolute' velocities (really some long-term trend. A substantial anaiysis oferrors in icel-

relative to sea level) can be obtained. This method has the ing has been made, both here and elsewhere, and it is highly
advantage of reducing, hopefully, the effect of cumulative er- unlikely that such errors can explain the observations: hence it
rors in leveling, but may introduce new sources of error in the seems certain that real motion of the crust is being observed.
form of ambiguous sea level measurements, nonsynchroneity That the pattern of movements shows some correlation with
of observations. excessive smoothing, and other effects. so that topographic and geological features is additional strong cvi-
warping may obscure information of value in the study of dence that surveying errors are not predominant.
geological phenomena. For these reasons only information Once episodic or oscillatory molten of the crust is estab-
from relative velocity and tilt rate data is used here. Further- lished, it becomes important to understand this phenomenon,
more, only larger wavelength movements were examined in for the movements may be related to lithosphere-astheno-
order to minimize the influence of local (<50 kin), nontectonie sphere dynamics and hence informative on a variety of geo-
processes (e.g., groundwater withdrawal, compaction due to logical problems such as plate motions, basin and dome defor-
man-made loads), mation. cpeirogeny, and earthquake occurrence within

lithospheric plates.
Copyright © 1976 by the American Geophysical Union. Of special interest are the results of this study that suggest
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elongate zones of relative uplift and subsidence parallcling the vertical movement to date [Kaariainen. 1953. 1966; Kukla.
Appalach'an drainage divide or, as an alternative intcr- maki. 1955].
pretatioi, the trend of Appalachian structure. The wave- Although the use of precise leveling in studies of secular
lengths involved. on the order of 300 ki, are typical of litho- vertical crustal movements is not new in the United States
sphere-asthenosphere phenomena. The evidence for such [Sniall. 1963; Meade. 1971], the method has received muh

features is not so completc as one might like because of the more attention in Europe and Japan [e.g., Afescherikov. 1959
wide spacings between profiles, but the possibility that this Beloussov. 1962: Re:ann and Zarudy. 1962; Gerasinov. 1967;
pattern of movements and similar patterns in other areas Rives. 1973; Mi'yabe, 1952; Miyabeet al., 1966]. Much of this
might be measured is an exciting one, for the patterns are a work is summarized in the form of contour maps of adjusted
likely clue to the mechanism, velocities of vertical crustal movement [1iyabe et a., 1966:

The background and capabilities of precise leveling as a tool MescheriAov. 1973]. Other regions where similar studies have
for the study of crustal movcments are first cotisidered. The been undertaken include the Alps [Leeallois. 1972: Schaer and

A sources of error in ieveling are examined, and the methods of Jeonrichard, 1974]. the Negev of Israel ['are andKafri. 1971,
analysis used for this study are discussed. The remainder of the 19731. the Himalayas [Chugh, 1974]. and the Canadian shield
paper is devoted to the presentation and interpretation of the [t'anicel, at:d llamdton. 1972]. These studL.Z indicate that
results of correlating the vertical crustal movements deduced while leveling can be used effectively to measure secular verti.

fron leveling data with geologic structure in the eastern cal crustal movements, the result- tend to be varied, and as vet
United States. no comprehensive mechanism for driving these movements

has been found. Comparison of results from many parts of the
world IMizoue, 1967: Beloussov et al., 19741 shows that the

-CP.USTL OVEMENT magnitudes of these movements end to be consistent (i.e.. tilt
UsING PRECIsE LEVELING rates on the drder of 10'-!0' rad/yr) with oroenic zones

The use of precise leveling to investigate crustal movements generally being characterized by larger rates and shorter wave.

dates from engineering studies of building settlement in the lengths than platform regions. The results or this study sup.
mid-nineteenth century l'erner. 19701. Leveling has proven port these observations.
valuable in the study of areas %here fluid % ithdrawal, sediment The more convinLing studies deal with movemernts oVL4' I
compaction, and mining operations are significantly affecting magnitude and/or movements for which reasonabe caus'
surface stability. In the United States there are several areas mechanisms have been found. When the ilagniti-dr of It
where such factors arc causing significant economic concern. movcments approaches the accuracy limit ofthe leveling proc-
For example, the Houston-Galveston area is subsiding due to ess itself, it becomes extremely difficult to discrimimaic ,-4-
water withdrawal and sediment compaction at rates up to 90 crustal movement from possible leveling errors. -e cosq of
mm/yr relative to local sea level [Small. 1960; Gabry.Ach. 1969: leveling in terms of both time and money virtually prohi'its
Poland and Davis. 1969). Grounduater withdrawal is also re- the frequent repetition ofleveling over large distar:es. Lack of
sponsible for subsidence in several parts of the San Joaquin knowledge about the periodicity of recent ye ,tcal crustal
valley at rates in excess of 300 mm/n r relative to local sea level movements introduces the strong possibility of aliasine in tLh
[Poland and Dacis. 1956; Small, 1961; Holdahl. 1969]. Such results of leveling determinations of movements Fer ea xz e.
large rates are rare. but these effects must, of course, be taken if the time interval of leveling coincides with the natural period
into account in studies of crustal mobility, of the movement, the net measure of crustal mov ement il be

Leveling has also been used successfull% to measure vertical zero regardless of its actual amplitude. Few% studies exis in
movements believed to be associated Aith major earthquakes. which the discontinuous record of movements determined by
Levelings before and after the 1964 Alaskan earthquake [Sinall precise leveling can be compared unambiguously with results
and Wharton. 1969]. the 1959 Hebgon Lake. Montana. earth- obtained b% independent, continuous methods, eg... tiltrctor
quake [Myers and Hanilion, 1964]. and the 1954 Dixie Valle) surveys [Ka.chara, 1973]. For these reasons it is important to
earthquakes [Whitten, 1957] have revealed vertical crustal understand the lceling process and its limits vvhen attempt'ng
movements on the order of 1-5 m. accompaning indepen- to apply its results to geological and geotectonic problems.
dently measured fault displacements up to 10 m. Similar but
smaller magnitude movements have been measured by lev eling U.S. LEVE NETWORR
in Japan. New Zealand. Australia, and Hungar) [Mescheri- The establishment of an accurate net of reference points for
kov, 1968; Lensen. 1971: Lensen and Otwa-, 1971: Gordon, elevation determinations in the United States becan in 178
1971]. Recent work suggests that both premonitory vertical A hen the U.S. Coast and Geodetic Survey initiated work on a

movements and postcarthquake fault slip are amenable to transcontinental line of first-order lcelirg. By 1929. the I vel
study by precise leveling [Miytabe. 1955: Hagiaeara, 1964; net had been extended to include approximately 45.000 miles
TsubokaitaandNagasawa, t966: LensenandOtway. 1971 Riki- (72,000 kin) of first-order leveling. To make ritasurement in
tae. 1972; Castei al., 1974; Savage and Church, 1974]. the net internally consisent under the assumption of crustal

Levelng has also been used to study the deformation proc- stability, a series of least squares adjustments were performed
esses initiated by the imposition and removal of large crustal in 1899. 1903. 1907. 1912. 1927. and 1929. More recent data
loads. The filling of large reservoirs has been show% n to cause have been accommodated by supplementary adiustments to
significant elevation changes in the immediate and surround- the 1929 geeral adjustment [USCGS. 1961] Maintenance and
ing vicinities [Longwell, 1960. Carder and Small, 19 ; Sleigh Ct development of the Vertical Control Net of the United Stes
at.. 1969]. The effects of unloading Pleistocene lakes [Critten- is carried out by the NGS.
den, 1963] as well as the retreat of glacial ice sheets [Kaariai- During releveling of portions of the U.S. net. it became
nen. 1953] have been investigated b. means of precise leveling, apparent that the assumption of crustal stability upon which
The determination of recent uplift of the earth's crust in Fin- adjustment procedures are based was not valid, at least in
land probably represents the best leveling stud) of large scale certain areas. Horiontal distance measurements (triangula.
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tion) after the 1906 San Francisco earthquake clearly demon- I. ROD I

strated the instability of the earth's crust [Bowie. 1 9281. Analy
ses of triangulation data by C. A. Whitten, 9. K. Mekade. and LEVEL___ ROD___2

others have since provided valuablc data on the recent horizon- W_____tE.
ta-oeet associated with the San Andreas fault system

(Whitteni. 14.99,1956; WhittenanClie190.M d.
N1948. 1965. 19661. Likewise. Small [1961, 1963.,19661. IloldahI

[1969. 1973a, b], and Hldahl and Mforrison [19731 have &

pointed out that significant changes in elevation also occur in
many areas in the United States.&H IZ

In keeping with the goals of the Commission on Recent 86HIAHi(iI-AHtJS
Crustal Movements of the International Association Of Fir. 1. Technique of precise leveling. dclining ii'- quantfties All
Geodesy [CRcM. 1962. 1966. 19631. the NGS is actively (elevation diffcrenice) and dM1H (relative elevation change).
amassing a bank of elevation change data to facilitate study of
recent vertical Crustal molsements. Another objectise being significantly affect levelinp. It should be noted that crustal
pursued b-* the NGS is the compilation of maps of recent mu' ements also give rise to gravit v variations mhich will affct
vertical crustal movements for the United States. Although levc!ing results. The eff-ct c.,uses the les.eling measuremntr of
such maps pro% ide the best representation of mosemcnts frarn the magnitude of elesaxiun chan-e to be smaller than the

astatistical viewpoint, they have a number of weaknetses actual elesation c~hange m,;cnitudC; howeser, thc eficct is small
when used to infer possible geologac proces.-es-. Among these and %,.ill be necccd. The measuring rods are cac of insar.

weaneses re he ssuptin f conStant sciocity of move- whbose coefciecnt of thermal expansion is small and %cli-

menit over the time period of the measurement and th ie known. The most common type of bench mark used b% the
varatinsin hespatial density of the data, w&ith correspond- NGS is a bruaze tablet s noabl-ped cuncrt:ot3-

ing loss of detail during- smoothin- procedures- By. examining ft (1-1.5m) long and buried in the eround w.ith its top P~ush lith

t data that are unbiased by the limitations of statiustical Zssump- the surface [Ra piye. 19481. The abilitv of the benCh m~arks to
tions, some of the ambiguities inherent in maps of a1 djusted hold their positions relative to the crust upon which the-y are
vertical velocity values can be avoided (Berd.1yi. 1966]. located determines to a large extent the usefulness of Clcsation

InI order to interpret leveling data uith confidence it isnecs- change measurements for crustal movemnent Studies Rcppeje
sary to understand the methods of observation and analysis in119481 describes the criteria used by the NGS in placing OIn -h
some depth and to gise careful consi derat ion to the errors that marks. Rock outcrops are preferred, but necessity often dih--
might arise at each step of the procedure. There ma% be Consid- tates the choice of less stable positions. Smali bridges andI rable variation in quality from one set of data to the next, and curbs are examples of structures uwhere t,-och marks are some-
poor data must be eliminated or doxingraded. The lexeling- tinmes placed uhich are subject to larm nontectonic distab-
data used here were studied in considerable detail, as described ances. Local soil compaction due to neab buidncs has been
in the next section. found to be a common problem near cities for certain tyPes of

bench marks [Uspenskii. 1961. 1967': Lursar et eL. 193-. Frosz
LEVEING ROCEUREheaving can cause relative uplift of bench marks on the order

Figure I illustrates the basic technique of precise leseling. In of seseral decinieters o% cr a period- of 15-20 y r if they are no-,
essence it involves establishing a horizontal referenceI surface secured beloi. the frost lcscl [Uspenslaii 1961]. Field Ie~t an
and making a measurement of the difference in height betweecn inspections hase show ii that the majorit of bc.h marl's a-re
two referaZnee points (bench marks) [see Hom.11rd. 1971. for not - -iianl affected b-, such factors [E/hm g~od r.Ho'-
details]. The instrument used by the NGS for most of its %wo rk. duhl. 1972: Lifierherg and Setunsrata. 1969]. linstablc nnh
until recently was the Fischer first-order level, in wthich the marks arc ectsil) reonz th1%i ots i ara and sins-
line of sight was made normal to the plumb line by adjustm:ent gular movements.
Ofra very sensitive level bubble. Modern instruments relch on an The distance betweecn bench marks is about I mie (1.6 kin).
automatic leveling system. Both types depend on the relative wI:e the distance betweecn les cli rod, for each setu- of thec
uniformity of the local ecoid. Spatial geoid %ariations are not instrument is about 100 mn. An average rate of p. oresson for

11ordinarily a problem in elevation c-ha.-e n'.easureincr.:!, how%- leteling work is about 3 km per day. Leveling designatied as
ever, since the wavelengths of sienificart gra' ty anomalies% are first-order is double run, i.e.. the mneasurement of -1h is pcr-
usually much larger than the length of a mea-surement interv6aL formied twic. unce going from RNM1 to 11%2 and again ruing
Any small systemnatic error introducedJ by Ignoring gravity from BM2 to BM 1. The dhicrence bctween the two detc-rmin.-
anomalies will cancel w;hen subtracting c!clation differences. tions gives an estimate of the pre%.ision of the work. Scond-
Short-wavelength gravity anomalies should contrib-,,e only order leveling is also double run in ma.-ny cs.
random error. Temporal changes in the gravity field change
the shape of the referece geoid and therefore affect mtensure ERRORS

inents of vertical erustal movem --nt. Corrections for such ef- The largest diiCulty i.. evaluaiting elevation chan_-ges by prne-
fctis require a knowledge of the scular gravity variaition as cisc levecling- lics in detv.rmii.ing the influence of levelng~n errors

Fwell as the geomnetry and den.sityi charges of the source rcgion, on the mcasuremencrt of cicvation, Levein-C is sus-Ceptibk to
none of which are known quantities at, present. It is implicitly errors which aire varited in type as wecll as mamnitude. Thcse
assumed in this paper that the ge oid remtains sulfficiently eon- errors may be classified as blunders,. random errors. or ssstenl-
stant for the times of leveliing and rcleveing ton iustifyv neglext- atie errors.
ing the effects or secular graiv vitiations. This assumptio-n Blunders, such as reading a rod I mn or I din wrong or
appears to be valid for the movemrents considecred here, if one mi.recording a %alue. are usually, rc',.ided in the disv.repanc.ics
considers the magnitudes of the grIvity ch~anges n.-eded to between formward and bamird leeigor in the overalIl cir-
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cuit misclosures because of their unusually large vzlues. They changes. Errors accumulating with height or latitude arc of
arc nearly always eliminated bcforc elevations arc computed. this type. An error of 0.03 mm in a 3-rn rod would give an
For this reason they are not normally a serious problem in error of I mm per 100 m of elevation change. NGS rods are
interpreting ilevation changes. checked regularly to insure that the rod lengths arc known to

Random errors arc propagated as the square root of the better than I part in l0W. Kaarianinen [1966] reports that rod
number ofmcasurcments made. Since the lengths of the setups length changes over short intervals of time appear to be on this
are usually about the same, the random error is expressed in order or smaller. A significant source ofelevation-correlated
terms of the square root of the distance leveled, i.., mi. = error arises from refraction effects. Bomford [19711 repo
Sm L"'. where ml (in millimeters) is the standard deviation of that these errors, worst on long easy grades, could amount to
an elev tion difference determined over a distance L (in kilo- 20 mm per 100 m of eleyation change. Inspection of the theo-
meters) from a reference point, and m is the standard deviation retical refraction correction of Kukkamai [1938, 1939] in-
of leveling over unit distance. The quantity m can be deter- dicates that 20 mm per 100 m of elevation change is abnor-
mined from the discrepancies between forward and backward mally large and probably represents an upper limit to the
levelings [Bomford, 1971]. The allowable deviations between magnitude of this error. Since the refraction is predominantly
forward and backward levclings as of 1961 for the NGS arc of the same sign during normal working hours, the effect of
shown in Table 1. Recently the NGS has adopted m = 1.0 for refraction should be cancelled, at least in part, when taking the
its high-precision work. The data used in this study arc derived difference of two elevation valpes. Furthermore. randomiza-
mainly from first-order leveling, supplemented by some sec- tion of weather conditions over the time period of leveling
ond-order results. In practice, it is found that the standard should reduce the systematic influence of refraction. Hyzonen
deviations oflcvcling arc usually smaller than the values which 11967] reports an average refraction effect during the second
can be deduced from the tolerance limits given in Table I. leveling of Finland of only 6 mm per 100 m of rise. Holdahl
Holdahi [1973a] gives estimates of m for NGS leveling com- [1974]. using the theoretical formulas of Kukkamaki, found
pleted within given periods for which different types of instru- the refract:on error on a California line to be less than 4 mm
mentation and procedures were used (Table 2). The standard per 100 m of rise.
deviations of the relative velocities used in this paper were Tidal forces have also been shown to affect leveling results.
calculated according to the following relation [Holdahr. These errors are negligible on an east-wet line [Bomford. 1971
1973a]: Holdahl. 1974) but may accumulate significantly on a north-

south line. At most the astronomical coriection is 0.1 mm/km
I[Holdald. 1974), corresponding to a tilt of about 0.3 X 10

where m, is the standard deviation of relative velocity v with rad/yr for a 30-yr time interval. Earth tides and ocean loading
respect to a reference point at distance L (kilometers) in mil- are generally though- to be negligible as far as measurement of
limiters per year, mi is the standard deviation of leveling over secular trends is concerned [Bomford. 1971], although St-
unit distance at time i (years). and m, is the standard deviation monsen [19661 reported tidal tilts due to earth tides, ocean load-
° of leveling over unit distance at time z,. Values for min and m4 ing. and the attraction of water on the order of 4 X 10* rad/

are taken from Table 2. Sources of random error are covered yr. It seems unlikely, however, that such tilts could affect
in Rappleye [19481, Bomford [19711. and others and will not be leveling systematically for long distances. Thurm [1971) exam-
discussed here. For the purposes of this study, the effect of ined the influence of refraction, lunisolar tides, and thermal
random errors are accounted for in the parameter m,. rod changes on a level net in the Elbe river valley and con-

The most serious types of error with respect to elevation eluded that the corrections for these factors did not signifi-
change measurements arc systematic. Systematic errors occur cantly affect elevation change measurements.
with predominantly the same sign and accumulate with the Leveling procedures are designed to minimize or eliminate
first power ofdistance. Systematic errors may show themselves the influence of these and other sources of systematic error.
in the misclosures of leveling circuits and thus can be elimi- such as instrument maladjustment, nonverticality of rods, and
nated by least squares adjustments. Some types of systematic sinking or rising of rods and instruments. Other sources of
error do not appear in closing errors and are therefore the error. such as gravity anomalies or atmospheric pressure
most troublesome when evaluating leveling-derived elevation changes, are probably negligible in elevation change measure-

TABLE I. Specifications for Precise Leveling Done by the US. Coast and Geodetic Survey
[USCGS. 19611

Order of Leveling

First Second (Class 1) Second (Class 2) - Third

Spacing of lines and cross
lines miles 60 (96.6) 25-35 (40.2-56.3) 6 (9.7) Not specified -

Average spacing of per-
manently marked bench
marks along lines, miles,
not to exceed 1(1.6) t(1.6) 1(1.6) 3 (4.8)

Length of sections, miles 0.5-1 (0.8-1.6) 0.5-1 (0.8-1.6) 0.5- (0.8-1.6) Not specified
Check between forward and

backward running between
fixed elevations or loop

elosurms, n to exceed 4 mm(L)"' 8. mm(L)"' 8. mmLL"t 12 nmL)"'

Numbers in parentheses are metric equivralents.
l- er L is in kilometers.
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TABLE 2. Estimats of the Standard Deviation m of Precise Leveling Completed During Certain
Tine Pfriods

Tune Period First Orde, r" n Second Order". mm

Prior to 3900 2.5 5.0
1900-1916 2.0 4.0
1917-1955 1.5 3.0
1956 to present - 1.0 2.0

From HoldaM [1973a].
0 If distance is measured in kilometers.

meats [Leontec. 1967; Bomford. 1971: !sacks ai al., 1973]. It months) is taken to be negligible in comparison with the time
should be emphasized, however, that knowledge of sources of interval between levelings. It should be emphasized that the
error in leveling and their influence is by no means complete elevation changes and velocities used in this paper are relative
[Bomford. 1971]: however, to invoke unknown sources of error to some reference point, usually arbitrarily chosen. It is the
in order to explain away measured elevation changes is unwar- pattern of movement rather than the absolute values which is
ranted and completely ad hoc at the present time. Routine of primary impdrtance. The problem of assigning absolute
office corrections applied to the field observations include cor- values is essentially one of least squares adjustment of leveling
rections for the deviations in individual rod lengths the ther- data with sea level changes, usually provided by tide gage
mal expansion or contraction of the rods. and residual collima- measurements. Such absolute movement values, while rcpre-
tion error [Holdahi. 1973a]. senting an attempt to eliminate the effect of some types of

In an attempt to eliminate systematic errors from the level- errors, inherit the uncertainties of the assumptions involved in
ing data, Ian squares adjustments are often performed. The the adjustment procedures as well as those associated with sea
result of such a process yields a s of adjusted elevations lIeel measurements [Gutenberg. 1941; Bloom. 197: Higgins.

_ obtained by eliminating circuit misclosures in accordance with 1965: Emery and Uchupi. 1972]. Figure 3 shows the lines of
the laws of probability. The data used in preparing adjusted leveling in the elevation change data base of the NGS which
elevations usually span large time inte.als, and thus any real are examined in this paper, as well as some supplementary
vertical crustal movements are treated as errors. Elevation data not yet incorporated into the base. Almost 40.000 km of
change calculations based on such data may thercfore give the Vertical Control Net have been relevcd in the eastern
very distorted patterns of vertical crustal movement. To avoid United States. The quality of this information and its suit-
this problem- a number ol methods have been worked out to ability for discerning vertical movements of different wave-
adjust elevation change measurements [Gale. 1970: Vanicek lengths varies widely. Some profiles have effective bench mark
and Hamilton. 1972; Holdahl. 197Th; Vanck and Christo- densities of one per kilo.neter while other profi!cs have onl%
ddis. 1974]. Most of these methods depend on the assump- one usable bench mark every 100 km In order to provide z

on of constant rates of elevation change. Vanicek and Ham- semiquantitative measure of the relative overall quality. enct
-tton [1972] have questioned the normality of the error profile "as assigned a quality factor. The criteria used in as

distributions involved, while Figure 2 demonstrates the weak- signing a quality factor were as follows: the amount of scatter
ness in the assumption of constant velocity. In order to min- the bench mark density, the length of the time interval betweer
imize possible distortions due to adjustment procedures, only leings (longer time intervals giivn higher rating), and con
observed elevations incorporating routine office corrections sistency in trend between successive reevelings. The last twc
are used in this study.

DATA ANALYSIS

The data examined in this paper were furnished, courtesy of " ... .-
the NGS. from the bank of elevation change data recently - -
established at the Vertical Network Branch. The data format - - - ,
consists of tabulated and plotted values of relative elevation is-
change between successive leveings along the same route (pro- "- "
file). The relative elevation changes are obtained by sub-
tracting the elevation difference Ah between a given bench -%Z-5 \

mark and some reference bench mark (usually the first) at T -.. ±
some reference time from the same difference measured at
some other time, i.e.. 1oa

dih AhQt) - ah(r,) (2)

which is equivalent to summing the sequential intervening
ralues of elevation change, i.e.,

d fh. Ah (3) . ! -! , !

900 m920 190 10 '980'1elative velocities are obtained by dividing the relative cleva-
Con changes by the time interval over which they have oc- Fig. Fo elaieleation chancs te rs of bench

Marks. For cxampte. the upper curve depicts the movement of benchcurrcd, i.e., only average velocitiCs can be calculated. For mark FSS relativc to B6. using the dashed s"c. Note nonlinearity. In
simplicity, th: duration of the leveling (which may be several the meu lowcr curves the direction of moiem-cnt rcverms with time.
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Flg-3. Map showing routes of releveling in the eastern United States for %hich elevation change data have been compiled.
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See text for discussion.
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se.The designations in the NOS ata, base are used with

MI only minor ecptions. It should be em phamsized that diffcrent

iVL00 60 0 segments wre lc-.Le-d and r-lcEd a 5t nt tiam (Tabie
!:+= - - ++ . .. .; :- .. . ..=- _ _.+ _+ . " 3&-3f). therefore the profiles are inhonmg-ous with rcs =

VM 
At I__ __ ___ __V

a 1.4 ~S grt
1 ~*:Do~a~ 750

'aS

+ 2250' c

KtFig. 7. D _. . '1 to 
- +

Movements may be considered signiicant nhcrc t- slope-- "' r

ig. 7. ofile . Das J unction. Ilo. to ta City. New -, +The po.int ic e r-eltiv vlie tesl l v he.--

absolute elc+.ati0n, and the lov+er dJaed line repre.-nts the esimate -
"

of stand;d deiation relative tO the sta rting point of te profile.- _____- ;"____
__tive ve locat) curt-c ecceds t~he slope0 of the. eror prop.g-tion curve. 015rtt K

he postio fec ecct point shw i iure Sit ihdat thelop of the figure Only relativec vce-locitics arc dcp-ted. i.e.. the velocity Fig. S. Protill B. W\itkclite. Kmtucky. to New Bern. North Cam-vahes at x are arbitra- ,nd chunen for scaling convni n e- only. lina. S3...bols are derined in Fgure 7.

+lna Symbol ar -c-m d " • i gam u rm F .



StowN IMPn OttVr VEuntCAL CRtU5AL Mvnss2

A WJ"K'no I Waw Wul -e fta iE ft--?a I
- .r3A

4D Pe_ _ -1-. L 0

IN_ _ __
_________________ a n

-&Z -'.z x=:_________________
* -

Fig 9 Prfie . S zeof. Luiiaa. iOdEM .eoiaS--
bo& ae deinedin r Fig.IL Pofil E. illa D AMle onn fTalhse.Pna

miscisursof th vacn crcits s:own asV 7il asg th coe s Pr aolidles These elaio nrprofiles followloreing-

sondiim n cotibu'iec th oart teneros arould mahe tovra til rut. whc repllylocted al ons the sallest grdient

,eneusl thorrhoo th leethof:- erctS~c a rsano-cousz an ivdua therfor aromaly. nta direct taesevacios
o nonistisimplistaic in at otheor ma bev co.Iarouedit priwo a provnes Teterre or reac (dotedc lines) are-

i oly a fe of the swi-aes irt o. Ars arasnth prodrs sein the proliad ando Ter esevtimatried fo the vauego
uy noig acont for sad' zh~eero rarious vweighmtin o schereutes inhTable 2 usgl l.Teordate o the curve t gadgient
raesindthe cileia. 19Thi fl-Aieddr a- daml Mbritt omo 1973) b. oft epent thre stndan rilatino relties n iveit

tv ptno~ut lac to knoidr about Icthenr of t.;-cr-he movemeisfnts atrss tatd itancel wihrepc othe initi enc macrosth

Zo~~~~I ny ase h imotn point i s tha th nt!-n- aTcv rilt3 rbeso- alcula.-tetd wihin trahe proinc the magitueof thesles ote nIreiv
fr oml. theemsw srsaa r of antud smallnuhe poedrea seloty= shoul-ad ecmpado. tror tem fro ures.Iveal.o

are~~~~Nir wel within the limh estimated c in Table 2 Thus_ the eroToiinhaogtepoie o ate n many cse, ut giron

brror nol be epeeedp inut rltihe vaeot- urve -t profaisthe hrse of thihpoe toaea becmased nh

samplved kirualeyald of he ajo sceeope tovncesuo. i in tewrginporirty .Ai atte wsmiae of ach sepatet
easernUnied tats.pint fat rthe tirate proflles wihie thnespek!enaSiue of!'-ln n reeithwe sla r ine oreai-v

from tsewinias, ahoe~.ufhertlsrpe miimz the fec of noliert ouemens I 

othe states sdcaed obay copaisn I-v-n- dd Itione otecre t wdcl c which sceiv exings are er byadents sn bie

ki 5c ar Plad a:~ thi TCS-~ ~
-tUwihi te stiatd n abe -r.. . . . . . .poitinsalngt:.. . . . . . . . . .Inmay.. . .zeuls ro

Curves~~ ~ ~~ i-n -trs4 22put eVldc:Mtso -mre ocrn~n r vial o qnno hs

Fit~~~ error to brepce n*.erlzi-v-ivc~c.poies h hi f cibpofie ouewsbsd
Fiue- - a t- rde fvria rsa mwrtt ha s%-v-crtiaPol egn!%t a-_c 13ty'cos

saml ital l fte.-o etncPoics'nti ~r-gvmpirt.A tcm-wsmd om-c
catmi te' tts ct--r-t-t -l-edI.tzs rf-M woeIinso

are lite in Tals3 hog j Ho h rfie r lte in-.4=z- te onnlea vinrtS-r

t 4

Sy---%Da-~~~arc -r dz--Ji i.-- -$ i - 4- - gr



TABLE 3a. Background Data for Relative Velocity Profile A in Figure 7

Distance
From Davis Junction,

Segment End Point kn Time Interval g. years
- I Chicago 148 1947-1969.5 . 5

* 10 1947-1968.8 21.8
Warsaw 328 1946-1968.8 22.8
Leipsic-Dshler 504 1930-1963.8 38.8
Willard 607 1954-1968.6 14.6

* 718 1954-1967.5 13.5
Massillon 731 1934-1967.5 33.5

* 777 1934-1969.9 32.9
* 869 1950-966.9 16.9

Pittsburgh 910 1941-1966.8 25.9
* 1095 1941-1966.8 25.8

Tyrone 1119 1934-1966.8 32.8
H|J-arri sburg 1309 194 1-1966.7 25.7

Philadelphia 1484 1929-1966.6 37.6
Atlantic City 1585 1924-i964.8 40.8

Internediate location.

TABLE 3b. Background Data for Relative Velocity Profile B in Figure 8

Distance
Segment End Point From Wickcliife. km Time Interval t, years

* +- 94 1947-1968.7 21.7
Princeton 144 1934-1968.7 34.7
Hopkinsville 197 1949-1968.9 19.9

* 252 194D-1968-.6 28.6Park City 340 1954-193.6 14.6

Somerset 504 1928-1968.6 40.6
tHarrimn 666 1950-1968.6 18.6

749 1950-1967.9 17.9I Morriown 826 1935-1967.9 32.9
* 1100 1935-1967.9 32.8

Newton 1117 1932-1967.8 35.8
$ * 1194 1932-1967.8 35.8

Greensboro 1275 1935-1967.8 32.8
Raleigh 1408 1935-1967.9 32.9
Mw Bern 1588 1935-1968 33

*_Ittermediate location.

TABLE 3c. Bactground Data for Reiative Velocity Profie C in Figure 9

Distance
Segmvet End Point From Shreveport. km Tin'n Intermal f. )Tars

Monrm 172 1938-1969.1 31.1
Vicksburg 292 1934-1961-1 35.1
Jackson 363 1935-1968.9 33.9
Newton 475 1935-19S8.9 33.9

* 562 1961-1963.3 7.3
* 620 1943.8-1963.3 24.5

M ontgomery 781 1933-1968.5 35.3
Columbus 931 1933-1968.3 35.3
Macon 1096 1917-1958 41

* 1312 1934.8-1962 27.2
Metdrim 1378 1934.8-1955 20.2

* Intermediate location.

TABLE 3d. Background Data for Relative Velocity Profile D in Figure 10

9 Distance
Segmnt End Point From Davis J.ion. km Time IntMl 4, )"Xsl

Sanovl-Centrahla 411 1920-1917.8 49.8
Caio-WkclITc 605 1922-1969.9 47.9
Corinth 810 1889-1943 59
Meridian 1173 1935.1961.0 26.04
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TABLE 3e. Background Data for Relative Velocity Profile E. in Figure II

Distance
Segment End Point From Wilard, km T~mc Interval t. years
Columbus 139 1934-1967.7 33.7

* 215 1954-1967.9 13.8
Portsmouth 294 1943-1967.8 39.8

* 354 1956-1967.8 11.8
Jackson 536 1928-1967.8 39.8
Morristown 926 1930-1967.6 37.6
Rockmart 1291 1935-1967.9 32.9
Atlanta 1378 1959-1968.5 9.5
Columbus 1587 1958-1968.3 10.3
Tallahassee 1820 1916-1958 4"

Intermediate location.

TABLE 3f. Background Data for Relative Velocity Profile F in Figure 12

Distance
Segment End Point Frcm Philadelphia, km Time Interval r, years

* 17 1929-1964.7 35.7
Porter 94 1932-1964.7 33.7
Harrington 175 1931-1963.0 32.0
Kiptopeke 376 1935-19o' 3 28.0

408 1963-1972.4 9.4
Norfolk 420 1952-1972.4 20.4
New Bern 683 1932-1963 31
Navassa 831 1932-1963.2 31.2
Charleston 1138 1932.8-1963.0 30.2

* 1238 1933-1961 28
Savannah Beach 1355 1933-1955 22

Intermediate location.

intervals were avoided unless no other measurements were leveling lines of the NGS data base that traverse the Coastal
available. In general, the trends shown in Figures 7-12 are Plain (Figure 13); 14 of 15 profiles of this data base show
supported, at least in sign, by the additional relevelings avail- oceanward tilting. Two of these, however, indicate a reversal
able. A notable exception is the segment from Raleigh, North in the direction of tilting between successive rele%elings (a and
Carolina, to New Bern, North Carolina (b in Figure 13), which b in Figure 13). One of these lines (a in Figure 13. w hich is part
shows eastward tilting (i.e., down to the east) between 1935 of profile C) and a line that shows a net tilt down toward the
and 1968 and westward tilting between 1897 and 1935. Al- continental interior (c in Figure 13) are located in a region of
though the elevation changes on the earlier profile lie well historic and recent seismicity [Bollinger. 1972: Coffinan and
within the range one might expect from random error, those of von Hake. 1973]. The oceanxard tilts correspond to the gen-
the I. :r profile do not; hence the rate of elesation change must cral occanward decrease in elevation across the Coastal Plain.
have been significantly different for the two observation pert- the possibility thus being raised that elevation-correlated er-
ads. Another exception occurs in the segment between Macon. rots (e.g., rod miscalibration or refraction) dominate the
Georgia, and Savannah, Georgia (a in Figure 13), which trends. Since the error has an equal chance of occurring in
shows an eastward tilt between 1917 and 1935 and a westward either the original leveling or the subsequent releveling. one
tilt between 1935 and 1962, a reversal with time opposite to would expect such errors to yield apparent tilts both toward
that in the previous example. These two examples demonstrate and away from the coast. Furthermore, the magnitude of the
that these movements do not have constant velocities. If they
represent true crustal movement, the period of these move-
ments could be on the order of the time intervals between
levclings.

RESULTS
An inspection of Figures 5 and 7-12 reveals a marked corre-

ipondence between the shape of the relative velocity curves
and the regional geologic structure along the leveling route.
Consistent patterns can be recognized for the Coastal Plain.
the Appalachian hVighlands, and the interior Plains. following
the terminology of Fennemnan 119461.

Co-.,stal Plain
The dom;nant characeristic of the Coastal Plain province.

Vspecially pronou-,,.,.d in the Atlantic section. is a consistent
tilt down toward the ocean. This tilt can be seen in Figures 7. Fig. 13. 'elected routes of elesation change profiles %%hih cross
8. and 1i, but not in Figure 9. It can also be seen in other the Coisial Plains and parts of the Interior Plains. (See text.)
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correla, n between the relative velocity and the elevation nant feature in this profilie is the relative uplift of the Savannah
curves ppears to be greater than that which one would expecL (Meddrim) area. Other than this trend, only very localized
from rod error or refraction effects (Figure 14). Figure 12, movements are inferred, such as the relative subsidence of the
showing the results of releveling from north to south along the Monroe. Louisiana. area, possibly reflecting natural gas pro-
coast, indicates that there is considerable variation in vertical duction nearbv [Louisiana Geological Survey, 1973). Small
movement along the Atlantic Coastal Plain. The dominant peaks in relative velocity can be seen near Shreveport. Lou-
feature is a very large northward tilt of the Atlantic Coastal isiana, and west of Columbus, Georgia. The segment in Figure
Plain between Hiarrington, Delaware, and Savannah. Georgia. 10 from Corinth. Mississippi, to Meridian. Mississippi. in-
The virtually flat topography along this line eliminates eleva- dicates significant uplift of the northeastern part of Mississippi
tion-correlated errors as an influence. Being a north-south lii... relative to the central United States region.
it is susceptible to the accumulation of tidal errors. However, Holdaki [1973b] has prepared a map of the Gulf Coast
the tilt rates along this line (-2 X 10-" rad/yr) are signifi- region from an adjustment of le'eling and tide gage data (Fig-
cantly larger than those attributable to tidal error (-2 X 10-' ure 15). In addition to the oceanward tilt characteristic of the

W rad/yr). A large part of this tilt may be attributed to absolute Coastal Plain this map locates centers of subsidence relative to
subsidence of the Chesapeake-Delaware embayment (Figure sea level (without the eustatic term) in the Houston-Galveston
5) relative to sea level, as indicated -y adjustments of leveling region and part of the Mississippi delta region in Louisiana.
and tide gage data in the area by the NGS (Holdahl. 1973a: Widespread fluid withdrawal may explain these features. al-

' Holdahl and tforrison. 1973. Ba!a~s. 1974]. The tilt rate d;ops though se:diment compaction may Also be invoilved in the Mis-

off rapidly at the Cape rear arch (Figure 5), which indicates sissippi delta region. Two prominent features of this map
that the arch is acting as a hinge line. Leveling between New which do not aopear to be associated with fluid wvithdrawal are
Bern, North Carolina, and Charleston, South Carolina (Fig- a domelike uplift centered over southwest Alabama and an
ures 5 and 12) indicates relative uplift at the Cape Fear arch. eastward tilting of the Florida peninsula. Due to its large
The pattern of movenzat suggests three alternative inter- magnitude, it is unlikely that the Alabama movement can be
pretations: (1) a dormlike relative uplift centered offshore, i.e.. attributed to distortion due to the adjustment procedure.
the direction of tilt reverses as the line of leveling alternately The question naturally arises as to the relationship of these
approaches and retreats from the coast line at the arch, which movements with geologic structure and their consistency with
is consistent with the behavior one would expect if leveling long-term trends indicated by the geologic record. The Meso-
first toward, then away from the crest of an actively doming zoic and Cenozoic structural trends in the Chesapeake-Dela-
structure; (2) a corresponding circular subsidence centered ware embayment appear to reflect underlying Paleozoic struc-
iland; or (3) a narrow relative subsidence tough extending tures [Murray. 1961. I he area has been structuralt low since
inland transverse to the coast which just happens to coincide the Cretaceous, although the absence of certain major sedi-
with the change in direction of leveling. The general ocean- mentary rock sequences indicates intcrnz.ttent uplift (Murray.
ward tilt of the Coastal Plain argues against the second alterna- 1961]. The Cape Fear arch represents the southern boundary
tive, and probability argues against the third, making relative of the embasment and is a distinct northmcst-trending base-
uplift offshore at the Cape Fear arch the most R~kely possi- ment ridge which gradually merges with the pro-Cretaceous
bility. Localized uplifts are also ,n-ca to occur at Kiptopeke. surface near the fall line [Bonini. 1955; Ferenczt, 1959]. The
Virginia, and Savannah, Georgia. Releseling extending to the sediment thickness. as indicated by depth to basement, de-
south and west of Savannah, Georgia, indicates that the rela- creases as one traverses the arch [Derry, 1951].
tive L in this area is also domelike in nature. There is no The oceanuard tilt of the Coastal Plains (both Atlantic and
additiu,.al releveling in the area of Cape Charles, Virginia, to Gulf) aiso co;elates in general %,ith the increase of sediment
suggest the three-dirhensional nature of movement there. thickness towva..d the oean [Spangler, 1950. Spangler and Pe-
In contrast to the large movements shown in Figure 12 for terson. 1950; Drake et al., 1959, Murray. 1961; Maher, 1968:

the Atlantic Coastal Plain, the profile (Fgure 9) that parallels Uchupi. 1970]. The increase in the magnitude of relative sub-
the Gulf coast (Figure 5) shows relative stability. The domi- sidence with ina.reasir c.,ediment thi kness suggests that a sedi-

ment compact;.3n me',anism might be responsible. However.
the large tilt r--es r"r-.sured by releveling seem to preclude
compaction du- sokt to overburden pressure as a reasonable

I mechanism [;t.!.r. 39; Rieke and Chilingarian. 1974]. On
8. " the other hand. - _rface compaction due to groundwater

C r variations may .ficant. Poland and Davis [1056] pre-
sented strong c linking subsidence to fluid withdrawal

Co and the subse.', luction in artesian pressure and com-
paction of cla%. found surface level changes of about

D-t0 1I nvforevery water level decline in the San Joaquin

.'valley. Similar have been found in the Houston-Galveston regi -: the average groundwater pumpilg
rate in 1964 % million gal./day (1.6 X 10' I/day)

-31 .1. . .. Ia se 1 =c-_ IeM , a [Gabrysch, 19 "trast. pumping rates near the routes
olSTCE. KM of releveled p- the Atlantic Coastal Plain exceed

Fig. 14. Plot of correlation ratio of elevation change to elevation 72 million gai 7 X 10' I/day) only at Savannah.
diffeicnce as a function ofdistance from Morristown, Tennessee. eat- Georgia, and phia, Pennsylvania [USGS, 1970].
ward along profile B. The maximurnm value to be e pected due to Furthermore, - -vements due to groundwater with-
refraction errors are shown. Suld line rcpreents absolute elevation ,;

- along proile. The short horizontal bars depi t the net or 'average" drawal tend : ....zed rather than region-* [Smal!,
value ofc for that particular segment. 1961]. The sc.:- eiative velocity values at Savannah,
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y Fig. 15. Summary map Of Vertical crusthi Movements mapped in previous work by others. Great Lakes' isobascs
(relative) by Walcott [I 971bJ fr om water level Eages. Chesapeake Bay and Gulf Coast maps by Iloldahi and Morrison 119731
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gage records aire plotted along the Atlantic Coast. %vith tide gage locations indicated by solid circles on the left lndiiidual
measurements by Hicks 11972b] for the Gulf Coast are also shown. All values in mmn/yr.

Ed
Georgia, seen in Figure 12 may be attributed to such geological Lind geophysical parameters. the influence of hydro-

V cfrects [Davis et al., 1963). 1t !zeems unlikely, therefore, lo0iC factors uill be ianored in the renmainder of this raper.
that groundwater variation due to pumping is a serious prob- The Savannah 'uplift' occurs in the southeast Georgia basin.

* 1cm in interpreting long-wavelengeth data. On the other hand, a structural low for most of the Cenozoie. with a possible
long-tcrm natural water level variations may be a factor, since Cretaceous basement ridge (Yamacraw) near Savannah
they characteristically have amplitudes of several decimeters to [Cramer. 1969). The absence of certain sequences in the stra-
a few meters [W~en-el. 1936; Fischel, 1956). These variations tigraphic record of the basin indicates intermittent uplift of the

Cmay be especially pronounced in karst regions. However, a area relative to sea level [M4urray. 1961). Thus a short relative
C number of considerations sugest that groundwater variations ulfoftiaratthprsntmewould not be inconsistent

nare not significant influences on the trends suggested by level. with the basin's Cenozoic history. The relative uplift of the
ring data. Trends in the Atlantic Coastal Plain extend well into continenital side of the Coastal Plain aS indicated by precise

the Piedmont. and, in general, there is a poor correlation releveline agrees well, at least in sign, with the apparent uplift
betwecen aquifer patterns (e.g.. the limestone sections respon- of Pleistocene terraces both on the Atlantic and Gulf Coast
sibie for karst topo-graphy) and vertical movement trends coastal plains [Flint, 19-40; Hurray1. 1961; Oaks and Dubar
Pfeinzirr. 1959; Donienico. 19721. Since the groundwater level 1974]. Discriminating between terraces caused by uplift of the
is at function of a number of variables, including precipitation continent relative to a stationary sea level and those formed by
rates. surface runoff, and aquifer type, it is difficult to under- eustatic changes in sea level is not a trivial problem (Bloorm et
stand flow coherent regional paterns of surface movement al.. 19741. The uncertainty in the ages of the U.S. coastal
could result from its natural variation. However, until more is terraces makes it difficult to estimate the rates of uplift relati~e
learned about the relationship between secular groundwater to sea level for these terra-cs. By using estimates ofecustatic sea

sariationsI _n eutn vertical motions of the surface, hydro. level fluctuations derived for the raised coral reef terracesi
logic factors cannot be completely dismissed. It is possible that New Guinea, Barbados. and elsewhiere, Bloom 11974] made

-0. these factors may be responsible for the apparent shor;-termi estimates of the relative uplift of Atlantic coastal terraces
%ariations in rates of vertical movements. For *.he purpose of Ahich agree within an order of magnitudew%%ith rates ofrel.atie
Mrvestigating the correlations of vertical crustal motions with uplift indicated by relevelitig for the Coastal Plain. The gene-ral
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X ;horizontality of Atlantic coastal terraces, although recently peripheral bulge in southeastern Mississippi. Walcott pointed
questioned [Oaks and Dubar. 1974), argues against any long- to the gravity high at this location as evidence of a forebulge.
term northward tilting of the Atlantic Coastal Plain [Cooke, The uplift indicated by leveling in southeast Mississippi may,
1930; Flint, 1940: Murray. 19611. such as that indicated in therefore, represent growth of the forebulge, modified perhaps
Figure 12. However, uncertainties in correlating the terraces by preexisting weaknesses represented by the iatchetigbee
and measur;ng their altitudes allow some latitude in placing an anticline and Wiggins uplift.

1 upper limit to how far back present rates might be extrapo-
lated and still be undetected in terrace morphology [Flint, Appalachian Highlands

1940; Doering. 1960; Oaks and Dubar, 1974). For the purposes of this paper, the Appalachian Highlands
The tilt of the Atlantic Coastal Plain down to the north, as will be considered as being comprised of four separate parts

indicated by leveling, does not agree in magnitude with that (Figure 5). From cast to west these divisions are the Piedmont.
indicated by analysis bf tide gage data [Hicks and Shofnos. the Blue Ridge, the Valley and Ridge, and the Appalachian
1965: Hicks. 1972a. b, 19731. As can be seen in Figure 12, Plateaus (or foreland basin). We will be concerned with the
leveling indicates that Savannah, Georgia, is rising with re- southern and central Appalachians in this paper, where the
spect to Norfolk, Virginia, at a rate of about 10 mm/yr, above classilication is applicable [Fennentan, 1946: Rodgers.
whereas tide gagi. records (Figure 15) show a difference ofonly 1970].
about 1.5 mm/yr in the same direction. The large number of Profiles A and B (Figures 7 and 8) traverse the Appalachian
sources of contamination for tide gage measurements from Highlands in the central and southern sections, respectively.
factors other than secular sea level changes makes such infor- Both profiles indicate that the Highlands region is presently
mation extremely suspect [Higgins, 1965: Meade and Emery, being uplifted relative to the coast at rates of up to 6 mml yr.

- 1971: Emery and Lchupi. 1972: Kaye and Stuckey, 1973: Ba- In both traverses there appear to be smaller peaks of relative
lazs, 1974]. Therefore, tidal trends are not used in this paper. velocity superimposed on this broader uplift. In Penns% lvania,

The Ocala uplift is one part of the Ocala arch. the other peaks can be seen near Harrisburg. Tyrone, and possibly Pitts-
parts being the central Georgia uplift and the Peninsular arch, burgh. The Harrisburg feature is located near the eastern

both subparallel to and east of the Ocala uplift [Murray 1961 ]. boundary of the Valley and Ridge province along a north% ard
The central Georgia uplift-Peninsular arch represents the late extrapolation of the eastern limit of the Blue Ridge province.
Paleozoic and Mesozoic axis of maximum uplift, whereas the which pinches out to the south. Structurally this limit is the
Ocala uplift is the center of Cenozoic uplift, i.e., there has been western boundary fault of a Triassic graben tilled with sedi-
a westward migration of the axis of maximum relative uplift ments of the Newark group [King. 1969a]. TheTyrone feature.
[Murray. 1961]. Releveling data suggest that the pattern of a more pronounced peak, is located at the western limit of the
contemporary vertical movements in Florida represents a con- Valley and Ridge province, i.e.. the Allegheny Front [King.
tinuation of this trend. The present axis of maximum relative 1969a]. The Pittsburgh feature appears upon close exam-
uplift has migrated parallel to and w of the Ocala uplift ination to be a relative velocity minimum east of Pittsburgh

) (compare Figures 5 and 15). This migration may be illusory, rather than a pronounced peak to the west of the city. There
for it is dilficu!t to understand why such a pattern should does no. appcar to be any prominent geological structure
persist coherently for such a long time interval given the con- associated with this feature. Near the western limit of the
plex geologic history of the area. The broad uplift in southeast Appalachian Plateaus there is a very pronounced minimum in
Mississippi and southwest Alabama corresponds to the Hatch- the relative velocity curve.

ctigbee anticline and Wiggins uplift (Figure 5). Active during In the southern Appalachians, similar secondary features inthe early Tertiary, these structures lie at the junction of the the releveling profile can be seen. Peaks in relative %eloci-.

Ouachita and Appalachian foldbelts. the exact nature cf which near Greensboro, North Carolina. and Asheille. North Caro-
is as yet unknown [King, 1959. 1969a, Murray. 1961]. As will lina (about 170 km cast of Morristown, Tennessee) dominate
be shown later, relative uplift characterizes releveling results in profile B. Structurally, the Greensboro feature occurs at the
the Appalachian Highlands, therefore re.ative uplift at this western boundary of the Carolina slate belt [King. 1955]. The
junction is not a complete surprise. Ho%%eyer. the profile in Asheville peak occurs at the boundary between the Piedmont
Figure 9 indicates relative stability north of this junction, im- and the Blue Ridge provinces, structurally corresponding to
plying that extrapolation of reiative ,elocity trends along the the Brevard fault zone [King. 1969b]. In contrast with profile
Appalachians is not valid for the entire length of the orogenic A. there does not appear to be a prominent minimum marking
belt. Prefile D (Figure 10) shows that the Black Warrior basin the %estera boundary of the Appalachian Highlands province.
is presently being uplifted relative to the Central l.olands. a Profile E (Figure I I)crosses the Appalachian lighlands in a
pattern which illbeshown tobecharacteristic ofthe Appala- north-south direction. In general this profile shos a tilt dow n
chian foreland basin to the north (Figures 7 and 8). It there- to the south for the Appalachian Plateaus and Valley and
fore seems plausible to attribute these anomalous vertical Ridge provinces. However, due to the meander of the levelir.g
movements in the central Gulf Coastal Plain to the underlying route betoeen Portsmouth. Ohio. and Morristown. Tenn:ssee.
extensions of the Paleozoic Appalachian-Ouachita fold sys- it is difficult to interpret secondary trends in this segment.
tem. Hovever, the very fact that these extensions are buried There is a minimum in the curve at Portsmouth, Ohio, near the

whereas the portions of the foldbelt to the north are exposed western limit of the Highlands. Pronounced minima also occur
indicates quite dissimilar movements in the past. thus making south of Morristown. Tennessee, and south of Atlanta.
inference based on similarity of recent movements question- Georgia. Between these two minima is a region of broad rela-
able. For example, the southeast Mississippi uplift m.ay not be tive uplift. corresponding to the traverse of the leveling route
associated with movements in the Appalachian orogenic trend in the Vallky and Ridge province around the southern limit of

- at all, but rather with sedimentaition in the Mississippi delt. the Blue Ridge. The segment between Atlanta. Georgi:. and
Walcott [1972a] proposed a sediment-loading model for the Rockmart, Georgi.. also sugge1ts a minor peak. This pea- can
Mississippi delta region which cails for the formation of a be correlated geographically with the Brevard fault zone. al-

Misisip gegr -- wi-th-- th irvr faul zone. aIl !-
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d though here the fault is located within the Picdmont and not at from leveling are, in general, higher than those determined
. its boundary [King, 1969b] Small peaks in relative velocitl can from geologic information. Owens 11970] suggested that the

also be recognied just south of Portsmouth. Ohio. and just uniformit of Pliocene and Quaternary elastics implies a gener-
north of Columbus. Georgia. ally uniform uplift along the entire central and southern Ap-

X Before the correlation of these features w ith geological pa- palachians. However, the sedimentary record reflects time av-
rameters can be assessed, one should note that many of the craves of tomplex tectonic movements, erosion, and transport
peaks in relative velocity show a striking correlation with abso- processes. As indicated by the present-day southward tilt of

lute elevation (Figures 7 and 8). Elevation-correlated errors the Appalachian Highlands (Figure 11) and the northwaid
would appear to be a possible explanation for these move- tilt of the Atlantic Coastal Plain (Figure 12), simple extrapola-

ts ments. The nature of these errors zand the problems associated tions based on the sedimentary record may be misleading
it, with their interpretation verc discussed above. In order to when trying to predict trends of recent crustal movements.
in provide an estimate of the amount of correlation between The rates of uplift of the Appalachians relative to the coast

Ie elevation and elevation changes as a function of position along measured by releveling range up to 6 mm/yr. Such rates are at
- e the leveling route, the ratio c = d-h/,Ah %%as calculated for variance vith those derived by analysis of coastal margin sedi-

seach bench mark interval and plotted v, rsus distance along the menits as wsell as with estimates of the amount of sediments
profile route for the portion of profile B between Morristown, presently being transported from Appalachian drainage basins

in Tennessee, and New Bern, North Carolina (Figure 14). This to the ocean. Menard [19611 calculated from the. volume of

segment has the lowest values ofc and the most consistent time Appalachian-derived sediments that the erosion rate over the
ly interval of any vi the profiles. Figure 14 shows the results of past 125 m.y. has averaged 0.062 mm/yr. Based on the sedi-

this calculation. Values of e greater than 20 cm/100 m rise ment load transported by rivers with drainage basins in the
we w.ere plotted at this value for scaling convcn;ence. The eleva- Appalachians, Menard estimated the present rate of erosion to
a, lion curve is also shown for orientation. The majority of v-lues be about 0.008 mm/yr, which agrees %&ell with the earlier
s- for care significantly larger than those one could attribute to an estimates of Dole and Stabler [1909] for the North Atlantic
n elevation-correlated error such as refraction. Although some streams. Gilulv [1964] examined such calculations and con-
d of the values for c corresponding to the elevation peak near cluded that the results would not be significantly changed by
C.170 km do lie within the error limits, most do not. Almost consideration of second-order effects. Ahnert [1970], assuming
le none of he values corresponding to the elevation peak at 410 that ra-es of stream incision were equal to rates of uplift.
i- km lie within error limits. However, for short distance inter- obtained velocities of vertical movement on the order of
. vals and small elevation differences, random error ma) easily 0.02-0.03 mm/yr. Shunmni 11963] estimated that I mm/yr is a

_1e exceed the systematic error and result in apparent values of c reasonable maximum denudation rate. The present rates of
-9. which bear no relation to ac"tual elevation-corrclated errors- In upiil of the Appalachians exceed these estimate.; by up to 2

:n- order to minimize th :nflucnce of random error, the profile orders of magnitude. This discrepancy, noted by Mescherikov
_'h was broken up into segments of considerable length. The net [1959]. Schuini [1963], and Gilluly [1904], clearly limits the
Tre elevation difference (.1h) and relative elevation change (d.1h) time interval during which such movements can operate. Oth-
re for the entire segment were then used to calculate an 'effecti-e' erwise, an Appalachian mountain system 10 km hmgh could be

ie c. The resulting values are shown as horizontal bars over the generated in a few% million %ears. Although the exponential
vin ,egment interval. In all of the segments the effective values for relationship bet%% een erosion rates and eleation [Schiumtn and

c exceed the limits for refraction error and are positive in sign. Iadley. 1961) might limit the actual maximum elevation
tin The correlation between absolute elevation and relative eloc- attainable, the ,olumes of sediments supplied in such a sitia-

ity cannot, therefore, be attributed solely to knovn types of lion. given present rates of uplift as indicated by rcleeling.
leveling error. Karc: and Kafri [1971. 1973] have reported would be much greater than those observed. The movements
similar correlations in the Negev of southern Israel, although mdicated by releveling in the Appalachians must therefore be

-(e the nature of the correlation there is negative, i.e., high cleva- episodic or periodic, with periods of much less than 10 %r. The
"ne tion associa;ed with relative subsidence. Although negative reversals in tilt directions discussed previously suggest that
nt correlations may be present in certain segments of these pro- these periods might even be on the order of 10' yr. If these
to files, by far the most prominent correlations are positive. The measurements represent true tectonic movements vith periods
ile i implication therefore is that the topography of the Appala- less than 101 yr. the odds are small that this century. when
wig chians is, at least partially attributable to some dynamic mecha- compared with post-Triassic time, should be one of rapid
1.F. nism which is -urrently active and not solely to differential motion. It is difficult, therefore, to bridr- the gap between
F erosion. Hack [1973J finds an erosional disequilibrium in the recent movements and earlier geologic crustal motions on the
n Mutheast Appalachians which corresponds spatially with the basis of similar directions of movement alone.
*d relative velocity maximum near Ashevillc. North Carolina. The secondary movements in the Appalachian Highlands

Relative uplift of this area such as that indicated by leveling delineated by rcicveling are difficult to interpret. They might
:. could easily explain the anomalous stream gradients in the be attributed to very local mechanisms (e.g.. mining, local

E .rea. h should also be noted that the spatal pattern of high diapirism, ctc.). However. absence of reasonable local mecha-
the stream gradient parameters calculated by Hack for the Win- nisms in most cases coupled with the fact that most of these

urW-Salm quadrangle suggests elongate zones trending north- features are located at or near major geological and tectonic
a. ast. As will be shown later, leveling results sugees: a pattern boundaries suggests that these movements are related to large
Ja- Of uplift remarkably similar to that indicated b% the stream scale movements of the earth's crust. In Fiaure 16a the relative

ruicr Li
ts. velocity maxima and minima have been plotted, along vith the

of The overall uplift of the Appalachian Highlands relative to major structural provinces of the eastern United States. Theiof the or pis t ons the patlat ian ign.%ihlad relh e po to mao srtuapoineotrnU edt AesTh
- d the Voast is consistent, at least in sign. with the post-Triassic similar character of the relative velocity curves in profile AIetinal history of the area inferred from the ctastc sediments between Massillon. Ohio. nd Atlantic City. New Jersey, and
-o the Atlanti coastal marin. The raes of uplift determined in profile 8 between Morristown, Tennessee, and New Bern.
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:ANorth Carolina, invites a correlation such as that shown in tectonics of the central and southern Appalachians. Such a
figure 16b. The trends indicated by such a correlation cut difference does exist. Possibly related to this diffcren.e is the
across the structural grain of the Appalachians in a manner change in the style of deformation in the ValleN and Rid-c as
similar to that of the Appalachian drainage div ide [Thornbzirt. one progresses from north to south. the Valle% and Rik! - of
1965. AMejerlwff. 1972, Hack, 19731. Such a correlation implies Pennsy lvania is characterized b% folding while that of Tennes-

ELI that present-dlax vertical movements in the Appalachians as see is dominatcd by low-nl thrust faulting [King. 19591.
indicated by reecigare independent of the near-surlace

Interio Plain~~ I ~~structure of the region and arc possibly related to the processes IinrPan
responsible for establishing the Atlantic drainage divide. Stich Profiles A and 0 (Figutres 7 and 10) cross parts of the

-Ian interpretation of the leveling data is not unique, hovvescr. If Interior Lowlands in east-wxest and norih-south directiono.
it is assumed that these mnovements arc controlled by the near- respectively. Profile B (Figure 8) crosses the Inte.or Lowx
surface structure of the Ifighlands. an alternative correlattion Plateaus region in an east-vtest direc-on ThIotprmn

Wj can be made (Irgure 16c). The trend of these Ines matches characteristic of vertical crustal movemient in the In*erior
that found by Hack [1973] from discqpi~libriumn stream profiles Plains region cast of the Mississippi River is an ea-stxward tilt.
at the Blue Ridge escarpmient. Both of theme intcrprctat tions From profile A. it is seen that Dav is Junction. Illinois. is rising
differ significantly fromt that of MkaJe [ 197 1] wxho postulated at a rate of 16 mntyr w ith respect to Miassillon. Ohio. The
a broad domial uplift at the southern termination of esxposed gradient of the velocity cur% e over the Low land.. in -his p. ofi!e-

J Appalachian structure. The lack of good quality levcfing da~ appears to be constaint from Matssillon. Ohio. to ab6ut150 km-
in mountainous regions makes choosing between such aiterna- west of Deshler. Ohio. at about 3.4 X 10- 'rad. %r east. From
tives difficult. 50 km west of Deshler to Davis Junction, the relative v'elocity

Although the similarities in the movements of the central curve oiscillates about a gradient of 1.5 X 10-4 radisr east, in
and southern Appalachians, have been stressed above, a an en echelon manner. The segmnrt of profile B fromt Some.--
significant difference is also revealed in the shape of the rela-- set. Kentuckx. to Wickeliffe. KenituckN. runs pairallel to profilu
tive velocity, profiles at the western boundary, of the ighland,, A and also shovvs a dominant eastwa rd tilt. The ma-nitude of
region. Profile A (Figure 7) shows a prominent minimum in the tilt in the southern Interior Plains is about 1.0 x 10' rod;-
the curve at Massillon. Ohio. near the western limlit of the yr east,. with anirribricate offset near Park City. Kentu,'kv. The
Appalachian Plateaus (Figure 5). Profile B (Figure 8) is rela1- imbricate xelocity patterns appeiar to have no coun-erpairts in
tively flat across this reizon, event consdnnt1cg the ohlque angle the g olugy along the leveling routes. The total velovits, diffier-
at which the leveling rou-e traverses th;. buundatry. If the chair- ence between Somerset and Wiekcliffc is only 3.5 rmlyr.
acver of these miovemnrts is controlkcd by, Ap~ljaci hiain struc- Scattered segmentts of cast-vvest releveling loca.ted bct-cri pro-
ture. one wAould c.Npc..t to see a corresptonding, diffc;:enee in the files A and B tend to confirm a regional eastward tilt (Figzurc
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8G 56 W 04* Be Be 78' 76* 74 trends, bath based on dita conering roughly the same time
~ -~ erval, one must postulate a hbingc line just south of the

40 Great Lakcs. Structurally. the Kankakee arch may berte this
0 purpose. in a manner ainalogous to that of the Cape Fear arch

46 in the Atlantic Coastal Plain. The fact that the preplacial

3* drainage divide for the Central Lowlands was also located
0 Z8 along ihis 'hinge' line [77hornbury. 1965]. as %vell as its signifi-

canc as the partition bet%%een the Illinois and Michigan ba-
I sins, suggests that the hinge line exerts a fundamental control

/ 7 58 on the past and present evolution of the Central LovdIands.
N Unfortunately. very few godlvlng data arc available in the

28 '5 0 Illinois and Michigan basins. The nature of basins in *stable*
N..- continental interiors (autogeosynclines. Kayr [19511) is little

- - understood. Knowledge of their present behavior might shed
4 significant lighit on their causes [Joyner. 1967).

Seism~icity
6

Although great progress has been made in the last fe%% %cars
in understanding the distribution and causes of earthqasin

I 7 ~thc major seismic belts around the '%orld 1Isacks el a!.. 1968).
30 very little is understood about the seismicity of n ormalb. ascis-

mic regions. Accordirg to the principles of plate tectonics.
these regions, which are located away from the boundaries of

28* lithospheric plates, should be tectonically passive [MIorgan.
88'S 85W 8' s'7 76-~ 19681. Whereas plate boundary seismicity can be associated

with horizontal movement, e.g.. along a transform fault, or'IFig. 16. continued, vertical movement, e.g.. at the boundaries of a do%, n-going
r lithospheric slab, the relationship betv~ecn crustal mo..cnents

13). An exception is the segment of releveling from Mitchell, and seismic.-ty in intraplate regions, if such a rclitionship cx-
Indiana. to Vincennes. Indiana (din Figure 13) %%hich shous a ists. is unknouln. Although a liarge amount of documnination
tilt rate of about 0.5 X 10- rad,'yr %%est. This line terminates no%% exists on. eairthquakes in the eastern United States 'Du.-

on gthe west near a region of rcIL-tivel% high seismicit) ICofinan [on. 1889, FUJller, 1912; Hleinrich, 1941. 117cwliard. 1958; Brad-
and vnHk.1973]. Considerably more corroborative level- ley et al.. 1965; Bollinger. 1972]). until quite recenti% almost

igdata are needed, however, before the significance of this nothing has been kno%&n about crustal mo-.cments in the area.
heexception can be established. Attempts have beer, made to correlate seismicit% in the eastern

PProfile D, crossing the Interior Loulands in a north-south United States %ith '.arious factors. inclL hn- acolooic struc-

of direction, is of generally poorer qualit% than the other profiles. ture I Wl'olard. 1958, Fox, 1970]. rnagnetsul inomahes [S:ralrt.
p It shows a slight south-.ard tilt in n'orthern Illinois. a fairly 19661. postglaci-al rebound [FoAx. 1970], uerloading in. rn-er!,
L broad relative velocity peak in southern Illinois. and a relative [MVcGinnis. 1963). and topographic eleva.tions I01lwcr ard
F vlocity minimum in western Tennessee Aherc the line has Isacks, 1971). Folloving a 51uggestion b% Oliver. 8origer

prissed into the Mississippi embayment. part of the Coastal if19731 attempted to LorreIlte SeIismic its th , ertical c-ru-tal
-he PliJn province,. movement wsine Meade's preliminary isobL-se map [Ak1rade.

Again, correlations can be found between these movements 19711. Bollineger s_,rjcsted that seisnticit% in the Southern por-
L~~w and geologic structure. Profile A is generall% confined to cross- tion of the AppalJ-i.ittns is correlated %% iih a relati'.c minimum

LI ing structural highs in the Interior Loulands. traxersing the in the uplift paa .bounded on the south b) an uphft near
P Findlay arch in %%estern Ohio. and then running along the Atlanta. Gern... '.4eade's map. houeecr, suffers from the

Itstrike of the Kankakee arch through northern Indiana and sources of distrur ., inherent in adjustment procedures used
g Illinois (Fiue) The east-vicst segment of profile B crosses on data from &. ecnt time interials. As proposed earl ier.
.c the Cincinnati arch bet%%cen Somerset. Kentucky, and Park alternative patitr. .4 vertical crustal movement are suggested

mmcCit%. Kentucky. then passes along the edge of the Illinois basin by the relevelin
rninto the Mississippi cmba', nen,. The offset in profile B occurs In Figure 17 If. ,end lines of Figure 16 are superimposed

v.-r% close to the eastern boundary of the Illinois basin. The on a sei-mcity r . of eastern North America. In cuncrail.
'.vrelative uplift in southern Illinois corresponds well spatially these trends are .. w.rallel to ,he Appalachian seismic trend.
in uith the Rough Creek fault 7one. an east-wecst trending region Houecvc.n. the rcsv. ion of the leveling data along the extrapo-

er - of distur bed Palcozoic strata unique in the interior Lo%% lands Ilted trend line I ..ot be considered very good. Xk hereC the
[G ardner, 1915; Clark and Royds, 1948: King, 1969a]. resolution of th.- cling data is good. cor.-elat ions can ben

The predominantly eastward tilt of the Interior Plains as made. Near HLr- ..rg. Pen-sysania. ard Asheville. North
indicated by leveling seems to he ir corflict with the regional Carolina.uet-- nkte aiai tevlct

louhiuest tilting that Wlakcotz [1972b] reports from analysis of curve. thercarcC.. ntrations of scism-c.:y i~'oftman and von
%atcr level measurements in the Great Lakes region (Figure Hake. 1913J. Th- .pcars to be no acti ity asociated with
15). Profie A. :.n east-west line, should be free of idal errors: the relative veioc.. -_ak- at G-cecnsboro. North Carolina. and
moreover, due to the lack of significant topography along its ver% little wIth I~;- west of Tyrone. Pennsylvania-. Th-_ere

= rutein the interior Plains. it can be considered Free from does appear to to 'ng correlation of setsmicits and '-erti-
Ileat -correlated error, To reconcile these t%%o disparate cal movements %%* c estern boundar% of the AppaLaehian
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comnpilcd by J. York and 3. Ni.

Plateau!, prounrc. Protze, A and E shom. minima in the rela- preparation for futurcshh. kb" ClcarI% the ans%%cr to this uaces-
tive velocitv curve-. rcla-ti~el close together. A line dr.o-%n tion is of more thzin atf cinterest. Without an undIer-
bet%%cen the gcogr..;phic positions of these-% mrnna frisl %,r% standing of the, underlx;-incmLhani--in or a sulflL;.--rit niumber
close to a belt of minor s-zsmieit, trending, northc.-A, throug-h Of le-eiing dazi, the que~tiojn rnu%t rema-in unarsxered.
eastern Ohio t.I-i-,vh-urc I7 The proximitN of the t,%o '..ies and A number of Ic~in proli'L-% In the -NG data base shoxv
their right anele intersection define this minim.5i more pre- oiletes in the selojity! eurxe. Nt first glajnce the movement
cisely thin 6~ usual po.,-ible for many of the oth~er feat-r-'s Su-gests %crti-CA r.-1ting .%ith the craertnsof the c'-a.s.e
Given the unccrt--int% in the Io'.alion of the 5e*mi 11nt Clati rebound modie jid.19ifIoer.teir als

[Bradley et af. 19651, all fit %%-,Il onto the trend -1efined b-, the-.e of the offsets coupied vith the lack of 5s~oc.igdt~ ~~~i
minimai. These relationsh; . u-cs that at least some eV- field Cvide-nce, or continlued movement in sub'eauco lcci'e,
trcmus in the vertical rnosement curves are -%.,oLiated %tith for moit of teefeatures argue aegainst their recrntsc-!nc-
scismits hossever. sithout further data it is impossibtc to actual ground r-olennents. Inquirv is, Cum-.-t~ otuing into
dcnion~tratc that th~e relationship is more thin coincidental- It the catu'e of these.% anomalous movements.
is intriguing to peut about the relative velocit' ext-7Cme'
which appearI. not to have associated seismicity. Are ithey re- C'CUI~

gitri- %%here the strain u,-Cunulale via some cree%,p meH~:xFrom the fregoing dis4cus,%son it is apparent, that the dis-
or ire they rcszions %s hre prc~ci,mie %train isasmli n crullar-Aics beitecn NWISut of SUsuc--ic ':cings cunnot be
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attributed to random processes. There are systematic corrcla- nets are leveled frequently. Whereas the tectonic setting of
tions betvccn patterns of vertical nmovement and geologic Japan (i.e.. an active island arc) contrasts inarkedi% with 'hat
structure. The Atlantic Coastal Plain, as well as the Gulf in the eistern United States. portions of Eastern Europe ap-
Coastal Plajin. is tilting down away from the continental inte- pear to be comparabei etn oth ra xmndi thi

= I nor. The Atlantic Coastal Plain between Pennsylxania and paper. A comparison of the patterns or movement jfl tnc cast-
JOGcorpia is also tilting down to the north tnith a hinge: line at emn United States with those ma'pped by Mescherik ou 11973) in

tbe Cape r-ear arch. The Appalachian Highlands arc being Eastern Eu rope points up sone interesting contrasts. Whelireas
uplifted wtith respect to the Atlantic Coast at, rates up to 6 mm! the Appalachian mountain sNstem is presently rising with rc-
yr. The Interior Plains are tilting down to the eas -t rates up spect to the interior United States platform adteEs

to 3 r0 ad/yr. On a larger scale, relative velocity maxima Coast. the Urals are subsidine relative to the Russian Plat-
tend to correspond with topographic highs in the Appalachian form. On the other hand, both the Russian Plafr. n h
Highlands. Central Unted States Platform arc tilting toward the east. It is

The vertical crustal mnovements in the Appalachians suggest therefore very dangerous to extrapolaite the results round in
l~np linear patterns of successive relative uplifts and sub- one revion to other areas which are structurally bimilar. The
sidenccs. One interpretation of the movements is that the pat- mechanisms of the movements may be enlirely different.
tern Cuts Jcross Appalachian structures in a manner similar to The large magnitudes of these movements cannot be ex-
the Atlantic drainage divide. This interpretation implies that plained by several mechanisms which have been proposed for
the movements are independent of Appalachian structures, the evolution of continental margins. Skeepts 11971]) thermtal
perhaps the location of the drainac divide is controlled by the model for the plate tectonic evolution of the Atlantic margin.
same mechanism responsible for the recent vertical move- the sediment compaction model of Jacquin and Pailei 11970].
ments. The wavelengths bet%%ce.n successive maxima are about and the sedimecnt -load ingI models of Diet: 11963] and Jialeoif
300 km. which is characteristic of several lithosphecric loading I 1970a. 1972a). while providing plausible mechanisms for sup-
phenomena I Wakcol. 1970b). An alternatise interpretation is plying the observed volumes of sediments, do no. pro% ide
that the movements are controlled by Appalachian structures explanations for the large magnitudes of present-day coastal
and therefore the wavelengths are coincidental. Lack of data tilting indicatecd by leveling da. oea196.BlmIi97
makes it difficult to choose betiv cen these alternatives- Clearly. 1970). Wfakrou [1972e]. Cliappell [1974). and others have pro-
hossevem. the actual patterns of mo,.ement need to be resolved posed loading of the ocean basins by melting glacial ice as a
in order to isolate the mechanism responsible. mechanism for inducine relatixc unlift of continental reion

Rcleveling suggessts that presei-t-dav %ertical movements, in Assumning equal areas of continental and oceanic c-ust. aeu-
genra. rea ontinuation of Phanerozoic trends as recorded static rate of sea level rise of zbout 1.0 mrm/yr. and aI dnsity

:n Mesozoic and Cenozoic sediments and terrces of the contrast of 1.7 between the wvater load and displaced contincrn-
Coastal Plain and in major Paleozoic structural trends. How- tal crust, it A~ould seemn difficult to account for rates of relative
ever, the rates of present-day movemnrts are up to 2 orders of uplift of about 5 mm/yr. Howes er. as Bloonm 11967 -ointed
mugnitude larger than average rates o5cr the past 135 m.y. and out, the di.fferenee in surface area hetsseen the contimnns and
therefore appear to he relativl.- transient (or oscillatory) phe- the oceans would cause a focusing of the loading response. In
nomena with time constants ess than about 10' yr. Some addition. the rate of eustatic sea level rise tmht have beecn

recent geological studies suest that rates -iacover long larger- in the past than it is at present (Gutenberg. M-'4. and.
(gooi)time peid a emsedn nti epc Ms ie h ih viscosity of the mantle [Walcoir. 1972b]. there

rhetMov. 19671. Sloss fand Speed [1974] argue from anahsis of could be a rather complex response delay- Further com-
L the sedimentary record that the Phanerozoic history of conti- plications could arise from the initeraction of strains Induced

nental eratons is marked by oscillator%. emcerit. or sub- by lithospheric and sublithospheric d:isinq mechan-iss u ith
me~eenit modes of vertical movement. They coniclude that necar-surface structure, which couid account for ;he co-net-

r much of the Cenozoic. including the present. can be classified denee of relatise velocity features u ith surface structure. Ohcr
a1% oscillatory, characterized byI areas 'generally elevated or possible mechanisms include isostatic and thermal responsesoscllain wih espctto ealevl:mareinal and submrinal to erosional unloading [Ilxbr and Tireotte. 1975jL dcsiaoric

t ~areas subject to highly differemntited uplift and subsivdence: stresses dui: to preexisting loads [A.rruthkov 197. g ravmtV
pecriodicity of oscillations and unlifts 10 -10' years: wvave- convection IAnrIwkor and .itescherikor. !9691. suINustal
lengths of intereratonic tctonic elements 101-101 kin. (and) erosion Z(fifth. 1955). phase transitions in the litho-sphreand
duration of' episodes 10'-10' years- [Sioss and Speed. 19741. upper mantle [Joyner, 1967; Vqagnirskr and Kaihiknea.

erThe vertical crustal movements indicated by leveling fit this 1970]. redistribution of asthcniospnheric melts ISioss ca Sipeed
description well, with the possible exepotion of those in a few 1974). triple junction and ho' spot evolution 1 Vo1972:
areas 'sith euxraordinamily high rates of novme.nt. Even th Iese Burke and Dewery 1973). and Inh-osnhemric tateruetian sstth

-itcecptions mnay not be sinnificant. given the rclatively poor a stheno 5pheric 'bumps' (Merard. 197 . Gbl .93, nad:
1" time resolution of most geologic inform.ation. With uncrea-sed tion, certain nonteetonic near-surface proceSes (e.g..
:N ~restilutior -f geological and eomorPhological dlata, it should groundwaterf variations) may be sig-ificant influences on sonie

be possible to successfully bridge the gap betvueen the long- ncasurcd movements. A more deta-ild considecration of army-
perio (egPgoogcl neriod (rio (eg.lVelNg- ing mecuhanisms is outside the scope of this st udy.
derised) ends of the vertical crtistal movemnent spcc*run,. Althouch the rates of relative: vcrtical movements dtr

The rates of 5'ertic3l crustal mnoverrict prcsem'.tcd itn this mined from le-veline seem large byv comnarison sivith rates c-
studs, as ucli as those found by other investigators in the duced fromn some forms of ceaical evidenc e ce: t- Scd!-
vum:cd States, compa3re very s"el with those foupd in other menty record, these velocities do not seem un-c'sc"alncfl inUPortions Of the uorld. The most exttensive studies of these terms of Oher types of geological inrormatr'' Crustal
ITo0%cnints have been made in Japan and Eastern Europe,. rebound followiing the removal of thec ice caps surely cx- edcd
"'101 notabli in the Soviet Union. uherc special obsermaion I cm/yr (w.hich isabout the prcsent-day maximum. rate in
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ABSTRACT

The first detaile profile of apparent vertical crustal movement along

t.t. ast coast 2 the United States, extending from Calais, M aine to Key

Mest, Florida, has been produced from the results of precise leveling

Carried out by the a i Ce -ic Survey. Cenparison of this profile

with that Cbhained fron secular t-ends in sea level data reveals a serious
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correlations, though weak. However, there are several significant

correlations between apparent movements and tectonic and geomorphic

features; in particular, the Connecticut River Valley graben, the Chesapeake

- embayment, the Cape Fear arch, the Cape Canaveral prominence, and the

'Florida drainage divide all correspond to marked changes in the crustal

movement profile. Analysis of 93 leveling profiles oriented transverse to

the coastline indicate a general tilting down to the east-southeast, with

significant variations of tilt direction in both time and sp .

Introduction

Results of precise leveling surveys carried out over a number of years

by the National Geodetic Survey (NGS) have been used to derive a profile of

apparent vertical crustal movements extending from Calais, Maine along the

Atlantic coast of the United States to Rey West, Florida. Comparison of

this profile with one derived from sea level measurements (Hicks, 1972, 1974)

reveals a serious discrepancy between the results of the two techniques.

The implications of tis discrepancy for the measurement of vertical

crustal movee. by leveling and sea level measurements are considered in

this paper. Apparent crustal movement profiles are constructed based on

extreme assumptions as to the sonzce of this discrepancy, and are then

correlated with geological and geophysical parameters. It is found that

significant correlations can be discecned which are cosn.on to all the

derived profiles.

The recet tectonics of the eastern United States is very poorly

understood. To a first approximation, plate tectonics theory suggests

that the area should be passive. However, the 1811-1812 New !Madrid

earthquakes (Fuller, 1912) and the 1886 Charleston earthounke (Dutton,

1889), as well as the extent of recent seismicity (Coff1an and von Hake,

1973), clearly point out the fact that tectonic forces of some kind are



presently active Ii this intra-plate region. Glacial rebound (Oliver and

Isacks, 1971), epeirogenic uplift (Woollard, 1958), localization of

regional stress by pre-existing weaknesses (Fox, 1970), and pervasive

regional compressive stresses (Sbar and Sykes, 1972) are some of the

mechanisms put forward to explain the contemporary tectonics of the eastern

*United States. None of them is completely satisfying. The importance

of understanding the present day tectonic regime cannot be overestimated

in view of its relevance to seismic risk in heavily populated areas and

near nuclear power generation sites.

The poor understanding of what is actually going on stems to a large

extent from the lack of field measurements of relevant tectonic parameters.

The seismic record is too short and too sporadic to be properly exploited.

Systematic measurement of the existing regional stress field is only

beginning and the results are fraught with ambiguity (Sbar and Engelder, 1976),

On the other hand, the data base of leveling measurements collected by the

-National Geodetic Survey represents a substantial amount of presently

available information relevant to this subject. Proper analysis and

interpretation of rhese data could provide important clues to unraveling

the nature of crustal stability in the eastern United States.

The rst attempt to analyze leveling data in the United States to

determine crustal movements on a regional scale was made by Small (1963).

O-tside of areas kno-n to be undergoing subsidence due to groundwater

N ithdrawal (Small, 2961; Poland and Davis, 1969) or reservoir loading
Longuell, 1960), little was knov- of movenents in the United States until

"" ~~a kn rsalmvmn ates int

i-ade (1971) published a preliminary map of crustal movement rates in

the East. Using more appropriate adjustment procedures, Koldah nd &n

Morrison (1974) presented relatiValy detailed maps of rates of crustal

"movements in the Chesapeake Bay and Gulf Coast areas, incorporating

t



results from sea level measurements. Balazs (1974) extended the

Chesapeake Bay results north to New York City and south to Charleston,

South Carolina. Using a different approach, Brown and Oliver (1976)

examined long profiles of apparent vertical crustal movement in the

eastern United States and found correlations between the patterns of

movement and geologic structure and seismicity. Similarly, Isachsen

(1975) found evidence from leveling data for contemporary uparching in the

=i Adirondacks. Hicks (1972) used tide gauge measurements to deduce the

broad pattern of crustal movement along the east coast of the United

La States. Similarly, Dohler and Ku (1970) and Walcott (1972) used lake

I level measurements in the Great Lakes to infer vertical crustal movements

in those regions.

The study of recent vertical crustal movements utilizing leveling and

tide gauge data has been much more extensive outside the United States,

most notably in Finland (Kaariainen, 1966), Japan (Miyabe et al., 1966),

and the Soviet Union (Mescherikov, 1967, 1968). Miyabe (1952) and

Beloussov et al. (1974) have attem,.ted to synthesize some of the results

on a global basis, finding that much of the earth is characterized by

movements with contemporary rates that are large compared with average

rates over the past few million years. in spite of this large body of

data, very little is knoiwn about the mechanism responsible for these

movements. Furthermore, the relationship, if any, between these recent

movements and longer tern trends as evidenced by the geologic and

-geomorphic record is poorly &iifned. The relationship between secular

crustal movements and earthquakes is another ipcrtant problem which is

as yet unresoved, ac least in nominally "aseismic" regions.

In this paper new infornation relevant to these general problems is



presented. The results of this study include: (1) the compilation of

a profile of apparent recent vertical crustal movement; (2) evaluation

of the internal consistency of leveling and tide gauge data; and (3) the

identification of presently active tectonic elements along the east coast

of the United States.

The Tide Gauge Data

The tide gauge information used in this study was taken directly from

Hicks and Crosby (1974). It consists of the computed slopes (and their

associated error limits) of least-squares regression lines fit to time

series of yearly mean sea level for stations along the east coast of the

United States. The location of these stations is shown in Figure 1. The

rate of secular sea level change for the Wilmington, North Carolina

station was determined from data generously supplied by Mr. Hicks, inasmuch

as it is not included in his published compilation. The sea level series

for ..ilmington is shown in Figure 2. These rates reflect all of the

available measurements through 1972 (1973 for Wilmington). The precise

re one obtai;r.s depends on what portion of the available record is used,

as can be seen by comparing the rates calculated by Hicks and Shofnos

(1965), Hicks (1972), Ricks (1973), and Hicks and Crosby (1974). The[!°2 rates x;ere ind3pende Aiy re-computed for observations through 19-3 from data

provided by Hicks, and found to be in general agreement vith those

calculated bv Hficks for the interval up to and including 1972. The

uncertainty raised by the selection of the time interval used for

calculation of secular trends will be discussed later, but it appears to

be negligible.

The nuiber of variables -w.hich are reflected in sea level measu'rements

are numerous, and their contribution to the secular trend is generally

E_
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poorly known. Lisitzin (1974) and Emery and Uchupi (1972) give reviews of

many of these factors, which include tectonic movements, river run-off,

density, salinity, temperature, atmospheric pressure, and wind velocity.

Of these, only river run-off has been examined for its contribution to

secular trend, which was found to be nil (IMeade and Emery, 1971). Kaye

and Stuckey (1973) found evidence of the 18.6-year lunar nodal tide cycle,

which might be a serious factor for analysis of data series covering

shorter intervals, although that is not the case here. Emery and Uchupi

(1972, p. 238) find strong evidence linking density, salinity, and river

discharge to secular sea level trends for some, but not all, eastern United

States stations. Sea slope changes due to dynamic oceanic circulation

changes might also contribute to secular sea level changes (Sverdrup et al.,

1942). However, given the ongoing controversy over measuring the present

sea slope ( Fisher, 1957; Braaten and MThCoi s, 1963; Sturges, 1967, 1968;

Chew and Chew, 1976), it is unlikely that changes in the slope -Ill be

well determined by oceanographic methods for some time.

The eustatic sea level changes generally attributed to addition to

the world ocean of melted glauial ice (Gutenberg, 1941) would be easy to

take into accou-.t if it were easy to determine. However, the response of

the continental margins (and therefore sea level measuring sites) to the

added water load could be very complex ("oom, 19671. a972). in

this paper the austatic, or constant, sea level effect is ignored, since
only relative chan~es of sea level are ...onidered. The eustatic correction,

generally estirated at 1.0 to 1.5 am/yr additional sea level rise, is

not applied to the sea level trends used in this paper. The loading

effects are an interpretational problem and ii! be discussed

in a later section.

From the above discussion it is clear that extracting rates of true

S -



land uplift relative to a fixed datum using sea level measurements is not

without its ambiguities. The rates used in this study are not corrected

for any of the above effects. Further consideration will be given to

these effects later.

The Leveling Data

By comparing the elevations determined for a given reference point

(benchmark or BM) with respect to some datum by precise leveling at two

different times, an estimate of the rate of apparent vertical crustal

movement of that benchmark relative to the rate of movement of the datum

can be made as follows:

Ah -AhAV = o
At

where AhI  elevation difference at time t

Ah = elevation difference at time t

At =t -t0

Note that rates determined in this manner are relative, i.e., the rate at

some reference benchmark must be specified from another method in order

to consider absolute movements. These rates can only be considered as

average rates over the time interval concern-d, an" contain no info=^-i n

as to changes of rate during the time interval.

The error limits associated with the leveling-determined rates are

calculated according to the relation:

(-2 n9in 2 - ( +m ) "
? 0

vAt 2

wnere nv = one standard deviation for the velocity measurement

relative to a given reference point (nm/yr)



M° = standard deviation for leveling of unit length at time

t (mm/km 1)
0

standard deviation for leveling of unit length at time

t1 (/I  )

L = distance between reference point and benchmark at which

velocity is determined (km)

P At = tI - to, the time interval between levelings

Estimates of m and mI were taken from Holdahl (1973). The above relation

is relevant to random error only, and does not take into account any

systematic error in the leveling.

Leveling, like tide gauge measurements, has inherent sources of

uncertainty. One of these relates to the question of the stability of the

benchmarks used. Although Karcz et al. (1975) find that certain

types of benchmarks appear less stable than others, it is difficult to

V see how such variations can be systematic from benchmark to benchmark,

especially over considerable distances. Therefore, in this study reliance

is placed on the trends defined by sets of benchmarks rather than upon the

stability of an individual mark. This limitation tends to restrict the

lower dimension of apparent movement which might be cons idere4 significant.

On the scale with which this paper is concerned, indivieual b-h mark

eccentricities do not appear significant. Furhermore, restrcting

attention to trends of movement over distan es on the order of 25 km or

more tends to mini.mize the risk: of misinterpreting localized p-no-ena sucn"

as mine collapse or fluid withdrawal as tectonic movement. Although

tectonic disturbances on a lucalized scale may be occurring, they will

not be considered in this study.

A more serious problem for the internretatain o. leveing resuits is



due to the-fact that -the method is-subject to -a number of possible

systematic influences. Unequal refraction, tidal attraction, ocean

loading, and unequal lighting are some of the systematic effects which

might be encountered. Since there is no significant topography along

the level route with which this paper is concerned, refraction effects

should be insignificant. The direct effect of the tidal attraction of the

sun and the moon on a north-south line should be less than 0.1 rn/km

(Holdahl, 1974). The effect of ocean loading and earth tides on leveling

is not well known, but is probably on the same order as the direct

tide (Lennon, 1961). Differences in the lighting of the fore and back

level rods have been found to give rise to a systematic error of as much

as 0.4 to 0.9 DumIkm (Edge, 1959; iBomford, 1971) when using certain types oAf

rods. It has not been conclusively shown, however. that the equipment

used by the NIGS is susceptible to this error to a significant_ degree,

although ' lazs (1975) found an apparent systemati effect, possiblydu

to 'lighting. on some east-=-est lines withn a mca-r e of ' 0 min.

9E~E
izave thesl-- sgi Assui-n' si-Uar- workin,, codiionS for the tico

.Leeli-s, might b e e x -cte' the: anyst -. tic errec-s

Cut o r nearly so. Since 'rkzgc-Onditnions can vary eve over a day,

*should bi exvCe at~~g the effect of' these' "sv c erors

has a more random natUe. 0v er a e daices, poss111 c- the ordcr

(Bomford 7) One t--_- oA' s- sro e=notL" suo- - n a

radoiztonprce s - t e c i1ns tr na or cbsrve- ec-etrct..

if one instrumnent or o-Iserver i usodE over a consi-era7-l- d' stani-



on one of the surveys and another is used on the subsequent survey. There

is no evidence that such is the case with the data examined in this paper.

East Coast Profile

Using data scpnlied by the %GS, a more or less continuous profile of

apparent recent vertical crustal movement has been constructed along the

east coast of the United States from Calais, Maine to Key West, Florida

(Figure 1). Figure 3 shows the profile thus obtained, assuming a rate

= of movement at Portland, aine of -2.3 mm/yr relative to sea level as

K indicated by the secular trend of the tide gauge at Portland. Also show

in Figure 3 is the topography along the profile route and the standard

deviation of leveling as a function of distance. From an historical

vantage point, Portland seems partcularly appropriate as a reference

since it was the starting point for the Uni-ted States precise lev ing

system and nay become a standard for al measurments wich reouireI-iowledge of mean sea leve! (Lisitzin. 1974).

In Figure 4, the apparent recent vertical crustal movem ent profile

derived from levelin is cmpared with n -rpci-- drX= te

sea level trends computed bv liclks nrd Cr ..n Vic-s (92 " ts tna first

to use sea lev.l zeesurements m -oa.-d e r

v exti C l cruc -. m ent inr t-n- {~o n

located at se disa ce from rthe Profile roue a er L rr2 reo-u! De

= cow.eracee. _ o e o- no from- the rou-e
_ = -~ 4

are plotted as triangles in Figure 4, those at greater diSt at-e as squares.

The vertical dimensions of te svb}ois reres ent tice the stndaro

error of the =easured trends.

insu=etUon 0- .-izare 4 i ediatey reve, 1S a i-arge d i s c- p a y

_-ten the tvnes of neasu: n F- exa. -al L1iL



Ke V ests Florida is mmm pwith rsetto PotadMaine at arate

of 18.9 walyr, whereas the tide gauges at these respective points suggest

a difference of only 0.2 rn/yr. The respective error limits of the two

a differences are only 3.5 mm/yr and 0.3 wa/yr, thus the discrepancy is over

I five times as large as that one could expect from random measurement error.

One or both of the methods must be seriously affected by some systematic

non-tectonic influence. Since each method has its own possible sources of
error and since our understanding of the role of these effects is insufficient

r to ascribe the discrepancy to any one effect, a deterministic solution is

not possible.

Although the exact nature of the discreancy cannot be isolated, these

data can be used to est'nm.e the ignitudes that a systmtic error =-

have to account for the osserved differences. If the error is atbutzibe

to meteoroozieal Rffects c the tide gauges, it woe d a t z as n

as 270- of the atl -S .Z . it 1 O

the discrepancy is at:- eu t to +_h I ie m- nasurezm-ts, it is nece sa

to snlate a syste etic e0 o o 0.3estic

err aeptable for -e. q . rio-- s 1 -rror

could o Il account for 0 - IM I = e--

loading &C MI: b e a- a- as .9 i .. '. I t -e

resos , since 't c a e a ge as u. -@ r-'-, at1 as Hv -o

a -ea e - -r a f i e data us- in this

stdy, sreilIv. Sice S c errors MIOUd = to c-anz ve-oc" tics

I VIM. O a A n -erAinat.s.c -0,=ii t. approach use

heur-a as o e r stse oh recent t- t a =rg :we- pro -s

tc-rdiniL to difer n othese-s as to de- orig-in Of the iccenanev

~erwean ts ie-IN -s.== sroi- T ==- 4)rpeet oeeqee



i.e., the leveling is assumed to be correct and the tide gauge data

Incorrect. Profile II (Figure 5) represents the other extreme, that the

tide gauge data are correct and that the leveling results are in error.I In this and subsequent adjustments, only the tide gauges closer than 5 km

to the profile route are used. For Profile fi1, the tide gauges at Portland,

Maine and Key West, Florida were arbitrarily assumed accurate and a

constant systematic correction was applied to all the data to yield the

proper rates at these two points. In spite of the arbitrariness of this

adjustme-t, the fit between the adjusted leveling data and the original

sea level trends is quite gaod from the Chesapeake Bay northward. In

Profie IV (Fitre 7) a probabl 4I5 Hc ndel was used, Vi w hinc the sea

level a- leveling results were adjusted by a least squares tecnznue

CVeress, 1974). Pot coparison, the tde gauge data =on on all of tb-

prof - arze= the orig unal, usted v~us

is Pr a. in alr-usMats ana des not. tncreore. anner to

at tab! ~ -=-.-- t-~. UM4- -IC aaZ~iu e:c= in -run d La&

H~ ~ ~~c= 03~ to l ag- aes

to t n r S -n-ea vi t.re B r=ysuc .

xun= r -~~i7n a d utn e, L-o enew -An-IM~c

" Z.. ~n~ i=8 f=7- - t Of =- --

su .iwr- a'-ec ±czz 97~ Sava-na.G e ra ano hc
mee a proouned i , l subsiewene2 Js eevidenr_ -_re au ro wa-er

=..Jawl(Poland annta ip-rosn1r =)=

Veca± scatter Ofef sr& vres 1713r 23C and is easil recz- =
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Whether or not the tide gauge at Fort Pulaski is affected by this

withdrawal is notknown for certain, although close inspection of leveling

in this area indicates that it is not. The tide gauge trend at Eastport,

= Maine is also suspect (Hicks, 1972), although it seems to agree quite well

with the leveling between Bangor and Calais, Maine. At any rate, it is

not used in the adjustments. When interpreting results such as these, it
should be remembered that localized non-tectonic movements could be present,

although focussing on the longer wavelength trends helps to minimize their

effects.

W mw ion of these profiles reveals several features ox interest.

First, there is a =arkdc4 chane in the slone ox rue c-rve at anrorrelv

1050 in, very near to the juntion of aC nnecticut R~vzr valcv cd the

coast. The Conecticut Fiver ?a2t occupies a nt- south tredig

JL-*-s- -tzrabe~n. th;I co-~ ent or in tmPL

c rsral novenenz at tc 1are s C 2he crust se- to c

too c-se for coinaneflce. Arthmer rnan mt geIn S oe -ccurs

G a aNew r!.. wnrc stan at the a h ni wz -_n t i

structures Ci. Z61 Cn (I .== .==.=Fro-

emzs.teru bn @: -5m o _ ha C temi ea

o - ss 0w0 0 n 1 f== w c--.
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near 1900 km is something of a mystery. There are no pronounced structural

features near this part of the profile route (Murray, 1961), utich lies along

the southern tip of the Delaware-Maryland peninsula. The proximity of

this segment of the profile to the ocean on two sides as well as an

abnormally short tine interval between the levelings indicates that

leveling error induced by ocean loading could be responsible, although it

is by no means certain. Moving south from Rrfolk, Virginia, the leveling

and tide gauge data diverge strongly. Therefore, the reality of the

broad uplift from Norfolk, irginia to -r'--,'h, C~orgia is in so=. doubt.

However, all at the Prof~ies show a iarled chage near W ngton, North

Caro'ina (2300 m) as tie i-e cresses the Cape Fear arch (Mrray, 1961).

South of Charleston, South Caro±lna, the sl-e of the recent vertical

Save- . G=nia. Little st- Uture is ==== inh area, althongi it M

is one of te zones of h hest sitsrc r-sk n e ease-- rn ted State- s

"esr e e r 1 is a very prne -- - h

S.0 uncnez- ast. taerelnd

dra ge diCe11 U.=6e CanIue reeris --he m..

-h -v -- .t=--
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,ve~#rdcai Fiut &4mv mpt aM-depff o6 baeeat tveen-:t~htitc ity,

New Jersey and Philadelphia, Pennsylvania, in the Chesapeake ay region

and at the Cape Fear arch. Interestingly, there is some correlation

between a minor basement high and the peak in recent vertical crustal

movement near 1900 km. On the other hand, the correlation between the

recent vertical crustal movement profile and gravity is ambiguous at best.

A relationship, it ..ny, between these movements and seismicity is

not clear. Although some of the changes in the profile noted above occur

in areas of highear than average seiicity for the east, some do not.
Knowledge of a relationship between recen-t verticaJ crustal vent and

seismicity is important, not only for seism ic hazard estimation, but for

understanding the mecha-isns for thes-e Mvzzecs. For exaple, do these

movents reoresen strain buildup precursor; to earthqua.es or strai

release -a se. -1c creep? These aulestions a t be an=swered as ve.

?e.:ent Vertical Czustal venn Near the Profile

c .. "srv examitn was ace cf a large n 0nbe or csort Mo 1 '

of ert veti-a cru s ! -a _Ve oriented transvcrse to the cot.
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A profile of recent vertical crustal movement along the east coast

of the United States has been constructed from leveling data. Comparison

of this profile with sea level trends suggests that one of the methods

contains serious sources of error. In spite o' the uncertainties in

these data, it '_ found that the recent vertical crustal movements they

indicate do show some correlations with geologic structure and long-term

trends. These results suggest that present-day vertical crustal movements

may reflect deformation localized by pre-existing weaknesses in the crust.
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FIGURE CAPTIONS

Figure 1: Index map showing location of leveling route (dashed line) and

tide gauges (solid circles) used in this study.

Figure 2: Sea level trend at Wilmington, North Carolina. The straight

line represents the least-squares regression fit to the data

and has a slope of 1.85 ±0.61 rai/yr. Arbitrary datum.

Figure 3: 'Unadjusted profile of recent vertical crustal -movement derived

from leveling. Velocity of -2.30 mm/yr assumed at Portland, Maine.

Also shown are the topography along the profile route and the

mnagnitude of the standard deviation for the leveling relative

to Calais, ~4ie.

Figue 4:Profile I: Leveling profile compared to tue gau! euls.

Portland, Maine sea level. trend assuried correct. LetterS at

the top (outside) repr-sent cities along leve"Unn route wh I e

thlose at tne ton (inside) renrese t ti -e gauge locali-s

Data for tide gau-es rtore tha n 5 1-z from leveJlin route show

as squarezs; those closer tha1n 5 ms trYne. vertcal

diine nsion ot t-fe gauge syrnbols rerset tu st..nar- rrors

f~or sea level tre-d.

Figure 5: rolfle IT Lcven prcle austed assun-a idcau

data (iage) Borc ame con entions as in -ig 1e4.

Figure ~ ~ ~ ~ ~ -6 -o TI -vlndta adjse to it tide.- ga--e

reas a It s at Portland. M.-ine and 1Yev IWest. Flor.-Ga. a.

c -4ne -S -as s In "Fiure
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Figure 7: Profile IV: Leveling and tide gauge results adjusted by least-

squares (unadjusted tide gauge results plotted). Same

conventions as in Figure 4.

Figure 8: Profile R show with depth to basement and Bouguer gravity

profiles along leveling route.

Figure 9: Recent vertical crustal miovemnents on selected profiles

trending northwest to southeast in I-cth and South Carolina.

fote predominance of tilt- down to the southea-st (-righit).

Arbitrary datumns.
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0.- APPENDIX D

sUBSURFACE FAULT MOVEMENT AND PRECISE R -EVELING:

__A CASE STUDY IN W4ESTERN KENTUCKY

F. Steve Schilt

Department of Geological Sciences

Cornell University

Ithaca, New York 14853

ABSTRACT

Both geological and geophysical data are consistent with the

existence of a concealed, high angle, dip-slip fault (possibly a normal

fault) in extreme western Kentucky, located within the northern boundary

of the Mississippi Embayment and the New Madrid seismic zone. Inferred

faults have previously been proposed in this region (Stearns and Wilson,

1972), but recent analysis of first order leveling data lends strong

support to the existence of a potentially active fault or fault zone

n which has experienced approximately 31 mm of relative displacement in a

21 year interval.

The location is defined to within 10 km by an abrupt steep gradient

in the relative vertical movement profile, which is derived from leveling

measurements by dividing the change in elevation by the tire interval.

A trend of NNE is obtained for the fault from other geological and I
geophysical evid,&nce. A focal mechani3*sm for a nearby earthquake whichj

occurred between the times of leveling suggests a normal fault, although

it is not certain this mechanism correlates with the alleged fault. __

In Nevada, anomalies in elevation changes similar to that

reported here have been correlated with known surface faults and_



-Interpreted- as post-earthquake slip (Savage and Church, 1974). Workers

.-- :in= -.Hun ngary and Japan have postulated faults at depth to explain relative

vertical surface movements monitored by leveling and accompanying

earthquake (Bendefy, 1966; Mizoue, 1969). The results presented here

may constitute a similar phenomenon, as the region studied is a zone of

known seismicity. They further demonstrate the utility of precise

leveling as a tool to measure crustal movements and evaluate earthquake

hazard. 'It is recommended that the appropriate bench marks be

resurveyed in five to ten years to monitor any additional movements, and

after any earthquakes that occur in the vicinity

N o 11TRODUCTION i

The purpose of this study is to examine the possibility that apparent

deformation of the surface, as measured by repeated precise leveling

surveys, can indicate vertical displacements across a fault situated at 111
r some depth below the surface. If such a fault is not mappable at the

surface, and insufficient drill holes exist to allow subsurface mapping,

leveling measurements could conceivably be the most direct evidence for

such fault movement.

Specifically, such faults may exist in the Mississippi EBbay-ment

at the New Madrid seismic zone. The area studied here is near Wickliffe

and Paducah, Kentucky, and the leveling data suggest dip-slip displacement

along an unmapped, concealed fault when supplemented with other
mI

geological and geophysical information.

.In a recent paper by Brown and Oliver (1976), regional structural

features of the eastern United States are compared with relative

vertical crustal velocities (time-averaged) as determined frt t multiple

first-order leveling surveys. They find a significant correlation between

UT



Sthe velocity patterns and large scale (hundreds of kilometers)geologicai

structure. The same data they have used is here examined on a more local

scale, with interest in shorter wavelength behavior.

Regional Structure and Geology

The dominant structural feature in this region (see Figure 1) is the

Mississippi Embayment, which began to form in Late Cretaceous when the

Pascola Arch (then connecting the Ozark and Nashville domes) was

downwarped. The cause of this subsidence is not well understood, but

it has been viewed as an isostatic adjustment subsequent to Precambrian

rifting, which extended into the continent as the so-called failed arm

of a triple-junction (Burke and Dewey, 1973; McGinnis and Ervin, 1975).

* Depression continued as a linear trough until Jate Eocene, accumulating

about 3000 feet of sediment in the central portion of the embayment.

A cover of alluvial deposits is Late Tertiary in age, and is locally

overlain by Pleistocene loess.

Nearly all of the observed surface faults lie in the Paleozoic

rocks surrounding the Cretaceous and younger fill of the Mississippi

Embayment. The major displacements on these Paleozoic faults probably

occurred in Pennsylvanian and Mississippian time (King, 1969). Far fewer

faults are mapped within the Cretaceous and younger rocks of the embayment,

yet the major pattern of historical seismicity is a northeast linear 'A

trend approximately coincident with the embayment axis (Figure 2 a).

This may be largely due to a masking effect of the unconsolidated alluvial

cover, and Fisk (1944) inferred an orthogonal fault pattern within the

emba)ment from a detailed study of lineations. More recently, Stearns

(1975, manuscript in preparation) has made-a similar study, and his Kf
-inferred faults based on well data and lineations show some correlation

to seismic focal plane solutions. York (1976, in press) has collected

4_
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from the literature and sought in the field the few known examples of

Cretaceous and Cenozoic faults (considering only those for which there

NEW -is direct evidence) for this region, and suggests that pre-Cretaceous

-faults are being reactivated with some consequent faulting in the .

-younger embayment sediments.-!I-
Local Structure

The locality of this study is the northern tip of the Mississippi

Er'ayment, ihere southern Illinois meets western Kentucky. Here the

dense Paleozoic faulting of the western Kentucky faulted area disappears

at the northeastern edge of the embayment. The western Kentucky faulted

area has be i- mapped in detail and shown to be a northeast trending horst i

and graben fault complex with vertical displacements commonly 500-1500 ft,

associated with a northwest-southeast lateral extension of approximately

I mile (Hook, 1974). Normal faulting (with dips averaging 700-750)-is

predominant, although minor strike-slip motion is evident. This fault

zone iS apparently now quiescent, as almost no seismic activity is

situated there.

Considerable evidence, however, suggests the continuation of I

basement faulting beneath and/or into the embayment. In southernmost

Illinois, subsurface mapping has revealed a complex of buried grabens

and faults just within the northern boundary of the embayment. At f
least a part of these displacements occurred after the formation of the

sub-Cretaceous erosional surface, with episodic activity dating LateI

Cretaceous, post-Eocene, Pliocene, and Pleistocene (Ross, 1963a, b),

Seismotectonics

The pattern of historical seismicity since 1928, mostly instrumentally

determined, is shown in Figure 2 (Hadley and Devine, 1974). The major



characteristics are the moderately well-defined northeast trend within the

embaynnent and a more diffuse pattern outside it. The existence of

smali scale northeast trending lineaments in the seismic pattern

has r.-cently- been confirmed by results from a microearthquake study

(Stauder, 1975). The inset rectangle seen in Figures I and 2 indicates

the locality for which leveling data will be presented, and Figure3 shows

this locality at large scale. The center of Figure 3 is approxinately

75 kIa northeast of New Hadrid, Missouri, the site of the very large

earthquakes of 1811-12.

Figure 3 shows the seism-city near the leveling route for two

different time intervals. Solid circles represent events between 1947.5 fl
and 1968.7 (listed in Table 1), thie times of first-order leveling surveys.

Open circles represent events for all other time since 1928 (listed in

Table 2). if all historical seismicity were shown in Figure 3, the

IF greatest activity would appear at Cairo, Illinois. Since 1855, 29 events

have been located at Cairo, including one damaging event (intensity

VI-VIII) in 1883. The sharp clustering at Cairo, however, may reflect

to some extent population bias, in absence of instrumental locations

before 1928.

The published depths of hypocenters for earthquakes of the New

Madrid seismic zone range from 5 to 38 Im. Only five published depth

determinations exist for the area shown in Figure 3, as noted in Table 2.

The precision of these depths is limited by inadequate station distribution,

but better depth information should be-forthcoming from the recently

installed microearthquake network.

Although all three types of mechanisms are evident in Figure 3,

three important points should be noted:

(1) Six of the eight nodal planes of the four meechanisms int
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Figure 3 strike north-northeast between 3560 and 0310, a span of 350.

(2) A large majority of nearby focal mechanisms (within about

10 of Fgur ) are mechanisms, as noted by Street et al. (1974).

(3) If the strike-slip event in southern Illinois can be
associated with movement along the trend of the New Madrid fault zone, the

sense of diaplacement is consistent with east-west compression.

If pre-Cretaceous faults are being reactivated, it is interesting

to note that reactivation is apparently largely ESE-VIN compression, in

contrast to the Paleozoic southeast-northwest extension seen in the

adjacent western Kentucky faulted area.

'Leveling Data

The bold line in Figure 3 is a path twice surveyed by first order

leveling, once in 1947 and again in 1968. By arbitrarily choosing one

bench mark as a fixed reference point (in this case the bench mark at

Wickliffe, Kentucky), one can measure the change in elevation of al1

other bench marks relative to the reference. The relative displacements

describe the deformation of the surface, to the extent that the bench

-marks are stable, i.e. do not move with respect to the surface. If

these displacements are divided by the time interval, an average relative

velocity of the surface at discrete points is obtained. (The main purpose

of this division operation would often be to normalize profiles with

different time intervals- a problem which does not concern us here.)

Topography along the route is shown by the curve labelled "elevation".

The "error" curve shows the accumulation of random error relative to the

reference bench mark, and grows as the square root of the distance

multiplied by a precision factor (Bomford, 1962; Brown and Oliver, 1976).

With regard to random error, the local slope of the velocity profile may
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be significant if it exceeds the local slope of the error curve. Both

surveys were first-order, and therefore double-run, with differences

between forward and backward measurements not allowed to exceed 41:1 m,

where L is the distance surveyed in kilometers. In practice, this

difference is usually closer to 20, m.

Figure 4 shows the relative vertical velocity profile along the

bold line path in Figure 3. A striking anomaly in the velocity graflient

(or equivalently, the displacement gradient) is apparent between bench

marks A and D, which represents a tilt rate of E

1.5 mm/yr = 1.6 x 10 rad/yr
9.0 km

It should be noted that this is a minimal tilt rate, since there is a

hiatus of 5 Im from B to the first bench mark towards A. A reasonable

upper limit to the tilt is obtained by using bench mark A and the first
( bench mark towards B, given by]

.76 r./yr -l
2.3 3.3 x 10 rad/yr

which suggests that the tilt rate is in the range of 1.0-4.0 x 10-7 rad/yr.

Figure 5 (from Brown and Oliver, 1976) shows the regional velocity

profile from Wickliffe, Kentucky to New Bern, North Carolina, with the

data of Figure 4 visible in the first-60 kilometers. In Figure 5, the

steep tilt of segment AB can be seen superimposed on an opposite

regional tilt of 1.0 x 108 rad/yr. The tilt rate of segment AB is about

an order of magnitude larger than most regional tilts in the eastern

United States, and is definitely larger than random error could account

for. In general, larger tilts are seen only in areas of intense fluid

withdrawal such as near Galveston, Texas. Although there are some



apparently tintlar irregularities along other parts of Figre 5, most have

lesser tilt rates than segment AB. More importantly, the slope discontinuity __

S AB is more distinct and isolated1 and lies admid noticeably less bench

mark scAtter than much of the long profile in Figure 5.

DISCUSSION AND INTERPRETATION

The location of segment AB lies between and along the trends of the

Big Creek fault zone (as defined by Fisk in 1944) and the western Kentucky

faulted area (Hook, 1974), as shown in Figure 1. It seems possible and

not unreasonable, in light of the evidence previously presented, that

the movement indicated by Figure 4 is fault related. Before ir-ediately

invoking a fault, however, possible errors and various alternative

explanation of the leveling data should be considered.

Neglecting blunders (which the double-run procedure renders highly

= improbable), leveling errors may be classified as random or systematic.

Random error has already been examined ans shown to be of insufficnet

3magnitude to explain the apparent movements.

The known sources of systematic error include:

(1) rod miscalibration or other instrumental misalignment

(2) refraction of the line-of-sight due to temperature

gradients (typically 5 mm/l00 m rise)

(3) tidal forces (important only on north-south lines)

(4) gravity anomalies due to mass redistribution (which may _

distort the equipotential reference)

5) atmospheric pressure changes

xccept for gravity anomalies, these kinds of systematic error are

__ most important for long wavelength features, and less so for the short L
wavelengot phenomenon reported here. The reader is referred to Brown

- P M I =--=-- -
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- -an Oivr 196) for a more detailed discussion of leveling errors,

which, concludes that observed regional tilts (generally of magnitude

10 8 rad/yr) cannot be completely accounted for by kmown systematic

- errors.

If, as the author believes, the tilting of segment AB is not entirely due to

systematic error, there remain many non-tectonic geologic explanations.

I Fluid withdrawal with consequent sediment compaction is a known cause of

vertical movement (subsidence). However, there are no oil or gas wells A

in this part of Kentucky, nor are there any large municipalities that

consume sufficient amounts of water to depress the water table. In

fact, the State of Ke-ntucky regards the largely untapped ground water of

5 this area as a natural resource for stimu]ating economic development.
Although karstlands occur in west-central Kentucky, the region studied

here is not karstland (National Atlas of the United States, 1970).

Local bench mark instability due to frost heaving, soilfsediment

compaction, mineral dissolution, or slumping can show larie novements,

but the resulting movements are too localized and irregular to explain

the pattern here extending over several kiloneters. Such local

perturbations could be expected to contribute to scatter over wavelengths

jike the bench mrk spacing, but would be unlikely to account for the

systematic variation observed. Furthermore, there is little correlation

between relative movements and type of monuentation along this line.

Table 3 lists bench mark monunentation, with bench marks divided about

equally into two major categories, bench mark post and concrqte-

construction (a distinction defined in Table 3). If these two groups

of bench marks are viewed independently, the curves of Figure 4b are

obtained. If each curve in Figure 4b were smouthed to suppress

apparent noise of wavelength s 5 1c, the resulting smoothed curves would



Coincide quite closely. This implies that the tendency for a bench

mark to rise or sink unstably is the same for both types of monumentation.

In general, one would expect different responses to instability processes

-- -a~. from different types of monumentation. It is therefore suggested that

both types of bench marks are approximately stable in an absolute sense.

Crustal loading (e.g. reservoirs) has been shown to cause appreciable

downwarps, but the author discovered no such large artificial loads near

segment AB. M.cGinnis (1963) found evidence that water loading due to

fluctuation of the water level of the Mississippi River is correlated

with seismicity, and may act as a trigger for earthquakes. ie subsequently

reasoned that the crust must be regionally subsiding, which is logically

unclear.

Whether or not river level is relateu u r..ustal movements, the

evidence supports the hypothesis that thb. anomalous tilt in Figure 4 is

in fact due to fault movement. The four open circles in Figure 3 from

88.90 to 89.0°W are a series of four events that occurred in 1930-31 and

may have been associated with the same fault zone postulated on the basis

of the leveling data. The sense of surface deformation (downward to the

west) would be consistent with a westward dipping normal fault or an

eastward dipping' thrust fault, assuming the motion is predominantly dip-

slip (a reasonable assumption on the basis of regional focal plane

solutions, very few of which are strike-slip). The closest focal

mechanism is a thrust type (about 10 km southwest), which occurred four

years after the second leveling survey; A mechanism farther to the south

(about 20 km away) and within the time interval between surveys is a

normal type, which makes it difficult to associate the inferred fault

with one or the other type.

Various ways to reconcile the existence of both kinds of mechanisms



s- near each other are illustrated by Figure 6. In all these cases, a

-regional compressional stress system in the basement is postulated. This

compressive stress results in tensional stresses in a less competent, less f

consolidated upper strata, which are represented by the Cretaceous

coastal plain sediments that overly Paleozoic basement. Any of these

mot'.ls could explain the rather singular normal- fault mechanism in the

midst of mostly reverse ones, and it would be reasonable to ascribe the

measured movements to the normal event since it occurred within the

specified time interval. However, the movement reed not be associated

directly with earthquakes at all, since it could alternatively be

aseismic creep.

After the suspicion of a hidden fault in this region, a search for

lineations 'as undertaken. Although aerial photography (scale 1:13,000)

gave no definite indication of lineaments near the segment AB, the

local stream pattern (Figure 7, taken from U.S.G.S. topographic quadrangle

maps) does exhibit a noticeable lineation pattern trending approximately

1 iI-140 north-northeast. This trend closely parallels the trends of the

- nodal planes of the normal event, the trend bf the structural trough

formed by the top of the Paleozoic, and the trend of the Mississippi

River as it bounds western Kentucky. While the presumed faulting probably

does not break the surface here, it may have influenced the drainage

pattern.

Previous Fault-Movement Interpretations Based on Precise Leveling

One of the first (and few) studies of deformation of the earth's

surface as measured by precise leveling in connection with earthquakes

was that of Bendefy (1966) in Hungary. The leveling surveys were done

in 1955-56, before and after the 12 January 1956 earthquake at Dunahavaszti,

near Budapest, Hungary. Although I.S.C. lists no magnitude or depth for



this -event, it was reported by over 90 stations as far as 1440 away,

and the village of Dunaharaszti was completely destroyed. Ths a magnitude

of 6.0 or greater is likely.

Bendefy reported dynamic undulations of the crust within 100 1M of

the epicenter, clearly associated with the stress accumulation and

release of the earthquake. Permanent relative 'isplacement was a.

maximum of 40 m near the epicenter (Dunahars, szti) and was observed between

bench -narks separated by 1.5 km, although no s C7-q faults or fractures

were reported. The relative velocity profile ,. -inits of 10 mm/day)

for a time interval containing the earthquake is shown in Figure 8a as

the curve labelled G2. The steepest gradients occur directly over the

epicenter, and indicate an uplift of the region west of the epicenter with

respect to the east, suggesting a fault at some depth with a component of

dip-slip motion.I

In an attempt to determine the degree of dip-slip motion associated

with this 1956 earthquake, a preliminary focal mechanism was constructed I
by the author from 16 first motion data presented in I.S.S. (January, 1956).

These data (plotted in Figure 9) are consistent with a thrust mechanism I
with some strike-slip component, although some of the data is not internally

consistent and the mechanism is not strongly constrained. However, the

better defined nodal plane dips northwest and trends northeast and, asI

the fault plane, would be consistent with the sense of displacement

(uplift to the west) seen in the east-west leveling line crossing the

epicenter. From an examination of other leveling lines as well, Bendefy -

postulated a regional northwest-southeast compressional strain pattern.
t

The Japanese have studied surface deformations associated with

__ several earthquakes by repeated precise leveling surveys (Mfizoue, 1969). I

Perhaps the best example of apparent fault movement reflected in surface
L
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leveling measurements was noted after the 19 October 1955 Futatsui

earthquake (M = 5.7). An antisyimnetric relative displacement pattern

Sigure 8b) shows a iaaxiimtu offset of 140 mm between adjacent bench

marks approximately 2 km apart. Mizoue suggested t-' existence of a

1"hidden seismic fault" at a depth of a few kilometers n absence of

surface faulting.

More confidence can be placed in these fault-at-depth interpretations

by examining leveling displacement patterns near recently active fault

breaks. Such a case exists in the study of Savage and Church (1974), who

looked at first order surveys of 1955 and 1967 which passed over numerous

fault scarps (Slemrons, 1957) mapped after a sequence of earthquakes

S "! (magnitudes 6.6-7.1) in 1954. They found a clear correlation between

several distinct waveforms (amplitudes of 10102 mm) in the relative

displacement profile and the fault scarps, and therefore concluded that

post-earthquake slip was occurring along normal faults to a depth of

several kilometers.

Leveling Data and Regional Vertical Crustal Movements

Figure 10 shows a free air gravity profile from northern to southern

Illinois, with a large positive gradient as southern Illinois reaches

the Mississippi Emba)ment (from McGinnis, 1974). McGinnis (1970, 1974)

considers the high positive anomalies near southernmost Illinois to be

a reflection of rift-intrusive igneous bodies which are uncompensated

and thus causing isostatic subsidence. If the intrusive activity stopped

in the Cretaceous (the youngest dated igneous rocks), the crus- should

have been mechanically compensated by now, with only small thermal/erosional

effects remaining. From a study of the geology of the area, Stearns and

- Wilson (1972) state: "since Eocene time the region (Mississippi Thbayment)



appears to-have been relatively stable but perhaps subjected to regional

uplift." There were probably adjustments following the deposition of

extensive Piio-Pleistocene gravels also.

Thd lack of compensation seen in the free air anomaly, however, may

not be due solely to mass-excessive intrusives. If regional uplift is

occurring as the leveling data imply, the anomaly may be a reflection -

o non-isostatic movements. The evidence for relative uplift is seen in

two leveling profiles previously examined by Brown and Oliver (1976).

Iigure 5 shows the eastward tilting of western Kentucky, at the rate of

-8
1.0 x 10 rad/yr from 0-100 kn on the abscissa, and decreasing to

91.0x i0- rad/yr from 100-300 km. Figure 11 shows a northward tilting

-8
of 1.1 x 10 rad/yr which appears to begin approximately where theI- ilarge positive gravity gradient of Figure 10 becomes prominent. Taken

together, these two lines suggest a possible doming centered near the

border of Illinois and Kentucky. That uplift should be occurring there

subsequent to Eocene subsidence is not completely unreasonable, as the

geologic record shows that northwestern Louisiana was domically uplifted

to form the Sabine Uplift in Miocene time, which had been part of a

basin through the Jurassic (King, 1969). Other similar uplifts are

known in Louisiana.

If the crust near the head of the emba)yient were being uplifted,

it would provide a qualitative explanation for the regional compressional

stress pattern apparent there. The Paleozoic basement structure there is

a regional downwarp, and if a downwarp is uplifted near its center,

the crust would be subjected to crustal shortening.

Si



- - - COiCLUSION

= Evidence presented here suggests that precise leveling can indicate

Subsurface fault novement not apparent from other observations. In

particular, a leveling profile of relative movement in western -Kentucky

resembles previous leveling measurements which have been interpreted -as

subsurface faulting. Furthermore, a fault interpretation is consistent

I i i with other geophysical and geological evidence, and seems more plausible

I than other alternative explanations. Additional leveling in this region

-I would certainly seem warranted after an appropriate time interval has

elapsed, or after any earthquakes occur.
In view of the above, precise leveling should be considered a

valuable tool (especially in the long term) in site decision for largeI'I*construction projects whose vulnerability to damage by earth movements
I-must be minimized.

Although inconclusive, leveling data is not consistent with regional

subsidence of the northern tip of the Mississippi Embayent, as has been

V!previously suggested. Whether or not subsidence is occurring (with

- i some unknown long-range systematic error in the leveling) or the area

A ois indeed uplifting should be a subject for further study.
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mlpm qv

1Earthqua3kes bear Calro, Illinois from 19h47 to 1958.7

atLat Lon, Depth
~-y.o~a) (N i)(Yen) Intensity M~agnitude Ref' b- 5d

S19147. 1.16 36059' 890111-- IT-III (3.2)* a~b
1953.5.5 360591 89011 II(3l) ,

1953.5-15 36059, 89011 II 3.4 a,b.

195-7.3-26 370051 880361v(38 b

1958.1.27 370031 890121 VIV (h4.2) a,b

19012.2-106 37-00 87.70 25 III-IV -36) b.,d

-1963.3.31 M4 36,90 89.00 3.0 b, c

1953.5-02 36.70 89.140 3.41 a~b

1963-8M2 1M 37.00 88.70 18 V 1.0 3 bc, d

195.8-13 37019" .89028, 33 nt 3.2 a, b,d

-M58.11 37 20 89.3 38 Vii 3.8 bcd

19565.8.15 37022' 89028' 16 EL 35 ab, d

1955.8-15 370241 890281 V 3.14 alb

i

aDocek.al (1970)

b$ Niuttli (197k)

-- c, Street et al. (19714)
d, Stearnls and Viso (1972

'k)indicates esti.3M-ation of wuttli (174)

M4 indicates fo0cal ruechanisn o 1mi( 7/

__________ ____________!A

___________== . -. ____________________77__
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. ~Table 2 ?[

- _ : Earthq- fvls near Cairo, Illinois from 1928-1947 and 4758.7-1972

Le t Intensity Mag. Ref.
Date -LUsed-

(yr mo. day) (Ni) (w) _____________________

1928.14.15 370 17' 89" 32' IV (3-8) a,b-

1930.8.29 37- 90 89.0 V d

-1930-9-03 360 58' g III(3
) a

1930.9.03 360 53' 8- 54 'I (3.h) 4a,b

1931A.06 360 51' IV (3.8)" ab

1933. .24 370 37' &9" 32' III (34) a,b

i3h.819 360 5' 8r '2' vi (4.7) a,b

1934.8.19 360 591 8s° 09' I8-ili (3.2) za-b

'936.8-02 36-7 80 1-0 (4.1) a,b

1936.12.20 37lr 8 3'." II. (3.0) a,b

:L939.4-15 360 1S' 89" ' !II (3.4) a,b

-9140.2. 0 37' 13' II' il (3.A) a,b

19,10.531 37 05' 6V (h.a) a.b

194.0.89.2 3I-IlI (3-2) a,b

193.10.21 371 1I -2) a b

1912-8.31 36) 59' 8o" !' -b.

1912.1io13 360 59' 89" ii' P" (3.8) a,b

1970.12.24 36." 0- IV 3.6 b

1972.6.18 N 37.0 89.1 II 3-2 c

-- -u



Table 3

Bench Hark Tabulation

No, Name B4 Design1  N ntato 2  Distance Relative)onu}tmentationo t (r)

1 W~ickidffe MD P 0.00 0.0

R 'A No. 1

2 Vicklif fe E-D P 0.14 -0.4

E-NNo. 2
3 1128 D P 2.18 -1.0 3

4 Z130 D (B) 3.92 -2.7

5 Y130 D p 5.56 -5.8

6 X130 D P 7.01 -2.5

7 1130 D (B) 8.49 -5.4

8 oBarlow M MI P 9.98-15
R-11-1 No. 2

9 Barlow TO A P 10.01 -6.0

10. u1130 D p 12.29 9.6

fl T130 D (C) 13.86 4.5

12 R130 S "Bs D (B) 19.08 24.9

13 Q30 D p 21.15 27.8

14 P130 D P 22.77 30.0

15 1130 D (C) 24.51 30.5

16 14130 D (C) 25.91 24.2

PR- No. 2 111-P 27.37 24.8

18 RePl TSP P 27.66 27.0

19 Revil Mi-D p 27.69 -17.4

RMNo. 1

20 L130 D (C) 29.14 27.3

21 G130 D (B) 35.65 22.4

22 E130 D (W) 36.21 7.1

V 3- -30P. W)36.29 12. 7

24 C130 P (U) 38.50 20.3

25 64M,, , (USGS) P 40.44 19,2

26 B130 D (U) 42.12 26.6

M27 - 63M4 D P (sGS) P 45.50 -4.2
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Table 3 (cont.)

No. Name 3M Design1  Nonuentation2  Distance Relative
.. Na(m) NMovement (n)}

28 L129 D (F) 47.83 18.4

- - 29 N129 D P 50.87 16.7

-- 30 P129 D (B) 52.10 10.9

313 R129 D (FT) 55.01 11.3

32 018 D P 57.45 -4.2

33 Fi D P 58.06 11.9i 34 11129 D P 59.02 6. 9

35' E8 D P 60.10 5.3

1 R =a C & GS Reference 1Nlark Disk

D = a C & GS Bench Mark Disk

TSD = a C & GS Triangulation Station Disk

D (USGS) = a USGS Bench Mark Disk

P = Concrete IDench lark Post

B = iLwhway Bridge

C =g1way Calvert

1- = Concrete Wall

U = Railroad Underpass

FT = Concrete Footing

( ) designates a concrete construction typ.e of non-entation,

i.e. a pre-existing construction which accomodated a bench

nark without requiring new installation of a standard bench

marl: support (usually a concrete post).

Paducah is betveen 31 and 32.

I - -

I- I



Figure Captions

Figure 1: Central United States portion of Hadley and DevineIs te-tonic

Centrals (1074),L Jita 011

n-ap of the eastern United States (1974), with the addition of

the Big Creek fault zone deined by Fisk (1944). The bold

rectangle shows the locality of the leveling data analyzed,

and is the area covered in Figure 3.

Figure 2a: Central United States portion of Hadley and Davine's ep-renr-st

I xap of the eastern United States (1974). The rectanuglar

inset is the same as in Figure 1.

Figure 2b: Er.planation for '4-- re 'a

Figure 3: Seismotectonic np of One rectangular in set seen in Figures I
- and 2, sb-owing the rath of two avys ( ai : pa s - v~oleveling survey ( & a

1968.7). See te-L for further e-planation. T-he bmsap -ith

faulting is adapted from Stearns and Wilson (1972).

Figure tAa: Piot of the relative vertical bench mark velocity (as descreaca

in text) versus distance from Wiekliffe (WC) to Paeuca bI,

I Ientucky (PA). Also Shma are curves representix elevation

- and random error. T bench marks have been labelled "%"

and "B" for purposes of alseussion.

Figure 4b: Sane data as in Figure 4a divided according to tyr of bench

mark monuentation. The solid line connects bench arts t ht

are in concrete posts spca 2 -signed a tbespot

for bench marks, ad the dotted line connects ben-c- arks Iar -

are in other concrete constr-Uctions, as listed and deined

= }in Table 3.
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-Figure 5: relative velocity curve from Wickliffe, Kentucky to New Bern,

N~orth- Carolina -(from Brown and Oliver, 1976). The smiall

rectangle shows the f-uit-like offset seen in Figure 4.

Figure 6: Possible crustal models for which shallow normal faulting could

accompany deeper, regional thrusting. Both 6a and 6b are
schematics of gravitationally induced normal-faulting in

relatively incompetent sediments over thrust-faulting in

stronger basement rocks.

'6a) Differential elevation of upper strata caused by

thrusting acts to induce shearing in upper incompetent

sediments.

(6b) Curvature of steeply thrusting acts to produce normal

bending stresses in upper strata with continued

movement.

Figure 7: Stream-defined, north-northeact trending lineaments based on

USGS 7 ' topographic quadrangle naps. Bench marks A and B

are shown by squares, and others by 'Y'.

Figure 8: E% .rpies from the liraur of anomalously steep relative

velocity (or displacement) gradients as measured by precise

leveling, near earthquake epicenters. (8a and 8b) and near

surface faulting (8c).

(8a) 40 rin relative displacement associated with the 12 January

1956 earthquake near Danaharaszti, hungary (Bendefy, 1966).

(8b) 140 rin relative displacement associated with the 19

October 1955 earthquake near Futatsui, Japan (Mizoue, 1969).

(8c) 20-70 u relative displacement associated with surface

f ults in l1evada (Savage and Church, 1974).



F-igure 9:t Tentative -focal plane solution fo the- 12- January 1956 -

vParthquake (Ounaharaszti, Hungary) from 16 first motion data

given in I.S.S.

Figure 10: Mean free air anomaly along latitude 89 1q. Computation

technique described by McGinnis (1970). Figure from

McGinnis, (1974).

Figure 11: Regional relative velocity profile determined by precise

leveling, from Davis Junction, Illinois, to Cairo, Illinois,

to Meridian, Mississippi (figure from Brown and Oliver, 1976).

The time spans over which particular segments were leveled

is given in the lower portion of the figure.

A4
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A single epicenter of intensity XI Is isShtLf near New Madrid. Missouri

-The tinter Of each triangUlar syrbol indicates the eplcentral lceation of one -

or nate seismifc events* plotted to the neazest 0.1 dregrne of latitude and
longitude. The intensity shown is =ax~zun Madif led F-ercali Mi~) intensity
In the epicentral area of the largest event at. the plotted lozazion. M:ost
locarlIone, are based on observat~ons5 of Inte-nsIty razher than on instenmen-
tal recosds

Seismic frequency contour represents the areal distrlbut Jon of earthquakec
epIcenters with eplctntral intensity of liIIadtetr sIdctd2
by the rota!. nwr bor per io4 = dur.irg the peiod 10$-19?2. Con-tour Inte-r-
vale Ace 0-4, =mzre than A but loss than B. mare than S but icass than 1B.
more than 16 but less than 32. zore than 32 but less than 64. an sre t-han
64- The contours ate cons~derably gcneraIlzed and are shown only as a guzd
for estimating recional seismlcity. They have no value for precise lczration
of seismic boundaries

NOTE: This map vas complied In 1973 from earthquake data of the Enironzental
= Data Service of the Nat-czisl Oceani--c and AtmoSphleric Adiita~nandU from data of the llozlnion Ob:servatozy, Ottawa. Canada
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APPEN~i -E

REMRIACTION ERROR flN LEVELING

James E. York
Dep a rt r, en t of GelgclSciences

Cornell University
Ithaca, N ew York 241853

ABSTRACT

Previous estimates of the refraction error in leveling reache~d

up to several tens of n per 100 mn change in elevation. Errors are

found in tjhere: estimates. For a lincar teirmeratui e gradient, the error

is usually less than 1 m per 100 m, change in elevati-on. The refraction

error is r'robably less than the standard deviation in leveling for a linerr

temperature grad jen L. ]iMULVer, non-linear temperature gradients may beizorat

Ii'~P~0DCWIA

Systemnatic errors in preci l eveling which accumulate with elevation

are difficult to detect. Two sources of such errors are incorrect

calibration of the leveling rods and bending'of light rays caused by

changes in the index of refraction of light. In leveling a closed loop,

thee rrrsma gvesyteti-c2lly high or low elevations x:.ithout contributing

to the error in loop closure. In addition, if two levelings of the same

route Pre compar-ed, and if -he magnitude of the system~tic error was

different in the two surveys, then measurements of apparent, but unreal,

vertical crustal movements would result.

Ifthe apparent vertical movenents were to correlate (Pither ne-a tivelv

or positively) with elevation, then such systematic errors right be

KM :':supected. In their studies of verical movements from reley-elin " data

*in the United Sa es rcwion and Oliver (1975) hnave c1t:erved such correlati'sc
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(Figure 5). Therefore an investigation of the inagni tde A fpsil

refraction errors was made.

Changes in the index of refraction are Caused by variations in

temnperature, pressure, and conposi "ion of the atmosphere. Kk:rk

(1938) has shown that the most imeortant variations are those of

te-"-rrature. Hence only teipe ture variations will be considered here,

A typical set-tip used in J cv&liin- inasurveMets, along with conventILions

and symbols for tOil- paper, is shnc-.- in Figure 1. NaMtbematical symbols

to be used in this paper are as follows:

c4 acute angle between horiZontal and gyround surface

a temuDerature at instrument (OK)

b te-mperature g'radient (0 C/M)

c a const.n t(' 0 K) relating n and T (equation 5)

e net refraction error'betwe foeihtrdhakih

(i.1/lOO m change in el evation)

It refraction error betw en instrument and rod (m)

n index of refraction

s horizontal sighting leng'h (mn)

T temperature (0JK)

X distance measur. ed parallel to ground surface withb origin

at instru:zent

z distancue --easured perpendicular to -round surface with

origin at instrument

subscripts: 0 values at instrum~ent

1 values where light ray intersects rod1

2 N. Pl1u es xh.r e i gt ray inter sects rod,



ziO UMWI -

I rREVIOUS WORKA

theThe calculation f the:; refraction correction is complicated by

the uncertainty in the forT2 of the temperature distribution. Even if a

H vertical temerature profile is know.n at one locality on a leveling route,

the profile may change along rhe route and with tine. A further

- complication is the difiiculty in integrating many forms of the temperature

I distribution.

Based on some early temperature observations, Lallemand (1896) used

T = c 1 + c2 log (z+c 3 ) (1)

where the c. are constants. From more recent observations, Kuklz.mki

(1938) obtained the formula

A C6

T cL + c5z (2)

P 1 A third formula,

T c 7 + z + C!3Z. (3)

I -i
H was used by Bomford (1928), because it si-rl..ied the mathematics.

All three of the above aut ors. used "11is law and a sim:le

H -dependence of the inder of .:efractiun on tempceature (see equation 5) to

calculate the refraction error. The difficulty in integrating the

resulting equations led each of these authors to make apnroxr at"ons.

Because the refraction error is small, approximations must be made

carefully or else they may greatly affect the obtained magnitude of the

refraction error. Unfortunately, the approximations of these authors

do have such effects. For example, they each give a net refraction error

- of zero for a linear temperature gradient (equation 4) with eoual bac1s-ig

M-



-and foresight. As the present study shows, this net error is not zero.

-Therefore, further calculations were deemed necessary to determine possible

-'-I magnitudes of the refraction error.HiH

REFRACTION ERROR

Temperatures

A temperature distribution of the form

T = a + bz (4)

ij will be assumed. This linear temperature gradient nay be a fair approximation

over vertical distances such as are encountered between instrument and

rod (a few meters or less), but clearly this gradient can-not be extrapolated
to much larger vertical distances. This advantage of this formula ,is its

simplification of computations of the refraction error. Should a more

complicated temperature distribution be found necessary, it could be

approxaated as a number of discrete linear sections and the formulas

prescntel in this paper could still be used.
N ThssJ efx..ua aso igndrpendence =

Tiss si e for-nuaalsox-ependence of the temperature.

I Before refraction corrections based on equation 4 are made, temperature

measurements should be made while leveling.

In th calculations that follow, the value of a used is 2880°.

The sign of b is taen to be positive. If b is negative, only the sign,

not the absolute value, of the net error is changed.



Index of Refraction

For a pure substance, the index of refraction for a given wavelength

depends only on the density. Using an ideal gas law approximation

n + (5)

where c is a constant dependent on pressure, wavelength, and composition

of the gas. Empirical evidence supports an equation of this form

OMeggers and Peters, 1918). For the purposes of this paper, c is

0
constant and equal to 0.0801 K.

" Ferat's Principle

* Fermat's principle is used to deternine the Path of the ray which

travels between rod I and rod 2 and is tnetto the instrument. This

principle states that the ray path is such that the value of the travel

tine is stationary. Thus the problin is one of the calculus of variations.

The integral

jn [d (dZ) = jn [1 + 7 dx (6)

must be extremized. Because n is independent of x, the Euler-Langrange

equation becomes

dz n (7)

dz
whlere n t is a constant. Because the slope is -tane at the origin,rox

equation 7 becomes

z= (1+ tank) -

CI



Calculation of Error

U Sing equations 4 and 5, the square root expression may be written

in terms of z. Then equation 8 may be integrated from the origin to each

rod. This procedure (see Appendix A) gives transcendental equations for

the refraction errors h1 and h2 .-

The transcendental en uations ca-n be solved iteratively by Ne.ton's

method (see Appendix B). In order to facilitate comparisons with aDuarent

vertical movements indicated by leveling and releveling data, the net

refraction error (in 1) per 100 m change in elevation is calculated for

a given angple q, temperature gradient 1b6 nd sightingleghs

e (h - h1 ) (1000) (nui ber of instrument set-u-s

necessary to change 100 m in elevation) (9)

Figures 2, 3, and 4 give e as a function of , b, and s, respehtively.

The net refraction error is seen to vary as the square of bot1h the

-temperature gradient and the sighting length. Th erefore1 temperature

gradients must be well known before aT-ying corrections. Also, the

refract ion e-rror may be greatly reduced by shortening s-ghting longths.in

CONCLIJS IONS

Because obsered temperature grafilents in the air are usually les

than 1oc/n (see tables of Best in Kukkanfki, 1938), and because sighting

lengths are usually less than 100 m in practice, the refraction error is
usually less 0han m /l00 m change in elevation for linear temperature

gradients. This figure is approxitelv ecual to the systematic error

c a -s byV inccuracies in ct rating or therm al changes af fecting r-od

length (Thorn, 1971). It Is also usually ess than the es--i'k-aAed

stanard aev'ation in Dtecise
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leve'ling', which includes only random errors.

Somr. of the releveling profiles studied by Brownn and Oliver (195l so

correlations of elevation with movement. If caused by systemnatic errors,=

these correlations wtould indicate errors ranging from 210 to 100 -Mi/lO00 m

change in eleation (F4gzure 5). These hy7pothetical errors a-prIear mul-ch

too 1 arge to be e- lained 'by refraction caused by simple linear terperature

gradients. There-fore, th e aparn movemnents nav. reflect actual crustal

inove=nts, as Drw and Oliver (19-75) sugg-est. Alternativelv, non-linear

temperature gradien-Uts wray be im po0r teant.

Thurm (1971) and i-iyonean (1--67) have Mande -refraction corrections

Lo le.-elin- data btased on l"ukkn'k - s 00~38, '429) forzaulas anid tales.

Becatse of erors Tn Kulir~ral wrk thlle se correctifons e not be

ye d. Befo-re any refrzct4on corr-ections are ma-de, aerage temperture

d1sLr-'outios must be known, accura-tely Because air movem-ent-s cause

rep~ vaiators in temperature, ofliv apnrox4tate, - erage corrections

can be madle. On long line-s of -near constant Slope, wVhere refractio n

erros culdbe larger thann th- stanca-d deia un,~sing sh ort si;ghting

lehg2 ns will keep the error snail.

Beneficia discussirons bha v been held with L.. Brown, R. Reilinger,[

and S. Schilt. This research wzas suprrnrtd by teAvn e eernr et

Agency of the Devartment of Defense and wtas no-nitore by tbe Air Force i
Office of Scientific Researh und1er ContrcNubrFSR3-9.F

Cornell University Departnent of Geological Sciences Contribution

Nui-r m a r
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FIGURE CAPTIONS

Figure 1: Nathematical conventions and sTjols used in this paper.

The net refraction error is h - hI .

2

Figure 2: Dependence of net refraction error e (n/I00 in change in elevation)
i " ,I-lenmgth s miniMU, f5 or

on slope ,, us-ng ... . t =of50
asch tht the difference in elevation between

the bases of the two rods is 4 m. a = 288°K, c .08010K.

Figure 3: Grapnh showing h de-endence of net refraction error e, where

b is temperature gradient. a 288K, c =.08010 K.

Figu.re :GraphShowi ,e s dependence of net refraction error e, where

s is sighting length, a = .,.080 K.

Figure 5: A ..aren vertical velocities between N orristow,-n, Tennessee

and N ew- Be North Caol i- ,a , derived by co:.paring two leveling3s

separated by 33 years. Each dot represents one bench mark.

From Brown, and Oliver (1975).
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SEISMICITY AND QUATERNARY FAULTING IN CHINA

James E. York, Richard Cardwell, and James Ni

Department of Geological Sciences

Cornell University

Ithaca, New York 14853

ABSTRACT

Both Quaternary faulting, based on an interpretation of a new mosaic

of-IANDSAT-l imagery, and seismicity, based on maps of all reported earth-

quakes in historical records for 1177 B.C.-1903 A.D., of all instrumental

data for 1904-February 1975, and of all earthquakes with M > 6 for

1177 B.C.-February 1975, demonstrate a distinct difference in Quaternary

tectonics between western and eastern China. East-west trending reactivated

Faleozoic mountain belts and subparallel large left-lateral strike-slip

faults predominate in western China. The northeasterly trending Cenozoic

Shansi graben and subparallel right-lateral strike-slip faults characterize

eastern China. Nearly aseismic blocks occur in both east and west, but a

satisfactory model of small plates that explains all of the observed

phenomena is not apparent. The tectonic activity may be controlled by

stresses from nearby plate margins, with the collision of India and

Eurasia predominating, or by asthenospheric processes beneath China.

Large earthquakes and surface faulting have occurred on some of the

faults observed in the satellite images. Because the Chinese historic

record suggests the alternation of seismically active and quiet periods
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of the order of a few hundred years in intraplate areas, data on

Quaternary faulting may be especially valuable in supplementing seismicity

data for areas with short seismic records.

INTRODUCTION

While most of the global seismic energy release occurs near major

plate boundaries, occasional large earthquakes also occur in intraplate

areas. Despite the success of the concepts of plate tectonics in explain-

Ing most seismicity, these intraplate earthquakes remain anomalous and

not well understood. One of the largest and most active of the intraplate

seismic regions is China. Although the parts of China in the Himalayas

and in Taiwan are clearly along major "-te boundaries, most of China can

be classified as intraplate. Seismicity and Quaternary faulting occur

throughout large parts of .intraplate China. The long historical record

of seismicity in China makes this area espec = _ly valuable for studying

intraplate tectonics. In addition, IADSAT imagery of most of China is

now available. Thus a good comparison betwem intraplate seismicity and

lineaments seen on the satellite imagery can be made for this region.

Our objectives are to locate lineaments that represent Quaternary

faulting, to compare the faulting with historical and instrumental seismic

data, to relate the faults and earthquakes to regional tectonics, and to

compare China ith other intraplate areas. For these purposes we have

made a mosiac of I.M-NSAT-I imagery and seismicity maps covering several

time periods and magnitude ranges. Satellite imagery was chosen instead
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of ground-based geologic data because such data are sparse or unavailable

for much of China and because the imagery provides a uniform and accurate

base. We find that changes in intraplate tectonics from western to eastern

China correlate both with the Quaternary faults and with the seismicity.

In the dry climate of western China, where fault features are well-preserved,

there is a short historic record of seismicity, and faulting is the primary

data concerning Quaternary tectonics. The wet climate of eastern China

does not preserve fault features as well, but a long history of seismicity

is available.

This study is Intended to complement previrus papers based mainly on

- seismicity and fault plane solutions (Holnar et al., 1973; Shi et al.,

1973) and overlaps somewhat with that of Molnar and Tapponnier (1975) and

Allen (1975) and Bonilla and Allen (1975).

LANDSAT-I I1AGERY

Construction of Mosaic

The Landsat images of China used are 18 cm square and at a scale of

1:1,000,000, being enlarged from the original scale of 1:3,369,000. The

resolution is 70m (ERTS Data Users Handbook, 1972). Approximately 780

images, mostly of band 7 (near infrared, 0.8-.1im wavelength) and some of

band 5 (lower red, 0.6-0.71m wavelength), were used to construct the

mosaic. Because a low sun angle often accentuates topographic lineaments,

fall and winter images were used where available. The images are close

to a Lambert conic conformal projection or an Albers equal area projection

(Short and Lowman, 1973, p. 5). The mosaic vas partially controlled with the Oper-

ational Navigation Chart (0.N.C.) maps (1:1,000,000 scale, Lambert conic conformal
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projection), which are also used to fill gaps where there was no LANDSAT

coverage, where the LANDSAT images were too cloudy, and in several areas

near the margin of the mosaic where imagery was not obtained by us.

The region of China and vicinity was divided into 24 areas. A

mosaic of each region was made on boards 1.2 m square. Each board was

photographed, and these photographs were mosaicked, this version being

at a scale of approximately 1:6,000,000. In this version matching

edges of images are usually less than 10 km off, although the mismatch

may reach 50 km in the northern part of the mosaic. Where ice partially

obscured the boundaries of some large lakes, the lakes were inked in

black using the O.N.C. maps as a reference. The ocean was also inked

in black where O.N.C. maps were used. The political boundaries are

taken from the CIA Atlas (1971). Parts of the Philippine, Ryukyu and

Japanese Islands are geographically within the bounds of the mosaic,

- I but they are not included.

The physiographic map (Figure 2) shows the large-scale features

which are visible in the mosaic (Figure 1).

Interpretation of Lineaments

Two important distinctions between different studies of lineaments

using topographic maps, aerial photographs, side-looking airborne radar,

or satellite images are the scale of lineaments and their ages of forma-

Stion. In this study we consider lineaments which range in length from

a few tens of kilometers to a few thousand kilometers. For a detailed

study at this scale, only satellite images both provide consistent

quality and are readily available.



Because our object is to relate the lineaments to Quaternary

tectonics, we tried to - ose lineaments that appeared to represent

Quaternary faulting. Our criteria include linearity, sharpness, continuity,

presence of a topographic, tonal, or textural difference across the

- - lineament, and the presence of alluvial deposits along one or both sides

of part of the lineament. The last criteria is intended to eliminate

faults which have not had Quaternary movement. The previous criteria

are meant to distinguish lineaments that represent faults and to eliminate

cultural features such as railroads. Linearity, in our criteria, means

that the lineament deviates from a straight line by less than about 10

percent of its length. Some sections of long lineaments may show greater

curvature than this. The criterium of sharpness implies that a narrow

feature such as a scarp is present along at least part of the lineament.

Lineaments based entirely on straight stretches of river valleys are

omitted, because of lack of evidence of Quaternary activity. Continuity

implies that the lineament is distinguishable along at least 75 percent

of its length. Lineaments that marginally meet the criteria are indicated

by dashes in Figure 4. Examples of the various criteria are shown in

Figure 3.

The map of Quaternary faulting (Figure *) is based entirely on

analysis of LAEDSAT images at the scale of 1:1,000,000. Despite some

attempt at quantification in our criteria, some of the interpretations

remain sewhat subjective. Some probable omissions on this map are

Quaternary faults that do not reach the surface, that do not define a

linear trace along the ground (for exmple, faults with low dips), that

I

- I- - ____ __ " _ __
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do not displace alluvial deposits, or that are too short to be clearly

dis hable on IANDSAT images. The shortest lengths for which

cur criteria were clearly met were 10 to 20 km. Also, some faults

without Quaternary movement may have fault line scarps which are included

In the map. However, these inclusions are probably not numerous and do

not affect the regional picture greatly. Another important factor is

= climate, because fault features are usually better in a drier climate.

Partly for tI :eason, the large faults in western China, with its

desert climate, appear especially spectacular. An important omission

in the faulting map is the Himalayan thrust belt. These thrust faults

do not satisfy our criteria, probably because of the heavy cover of

vegetation and the low angle of fault dip. Thus the faulting nap is

mainly an indication of the extent of large scale Quaternary high-angle

faulting in China.

The component of strike-slip motion shown on some faults in Figure 4

is obtained either from surface faulting during historic earthquakes or
from offset geologic features interpreted from the NDSAT iages. Accurate

ground uapping of the historic surface faulting (Table 1) leave little

doubt when correlating the surface faulting with lineaments on the LAXSAT

images, even though the epicenter deteraination may be a few tens of

kilometers off the fault. Few clear indicators of sense of strike-slip

notions in LAIISAT images were found. The best indicators appear to be

offset rock units (Figure 3) or folds. Because the faults aay be reactivated

from tectonic regimes tth different stress orientations it is possible

_ _ that the apparent offset seen in the image may not represent the Quaternary

It_
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sense of movement of the fault. Consistent sense of offset along

streams is often a valuable method in ground and air studies, but

such offsets (usually a few tens to a few hundreds of meters) are

not as clear or, satellite images. Because larger apparent offsets

-(a few kilometers or more) may be caused more by erosion along the

fault zone than tectonic displacement, we have not used apparent

stream offsets as indicators of the sense of strike-slip movement.

SEISMICITY: DATA

One purpose of this study is to give a complete and consistent

evaluation of the seisiicity of China from both the historical and

instrumental records. Previously, the distribution of seismicity in

Asia has been described by Li and Gorshkov (1957), Min (1957), Mei

(1960), Land and Sun (. 56), Shi et al. (1973), Molnar et al.

(1973), Academia Sinica (1956), Academia Sinica (1970), and Lee (1957).

A history of early compilations of Chinese earthquake data is Siven

by Drake (1912). The first maps of large earthquake epicenters in

China were published by Li and Gorshkev in 1957. For the most part,

the previous studies investigated the lar v events (m:6.0) for varying

intervals of time from historic records instrumentally recorded

data. For example, Shi et al. (1973) studied the s;eismicity pattern

for events with magnitude >6.0 from 1500 A.D. until 1971. Molnar and

Tapponier (1975) included a map of historical and instrumentally located

events for magnitudes greater than 7.0 plus other well located events

between 1961 and 1970. The most extensive historical compilation is by



Academia Sinica (1956). This is a collection from different sources

of varying quality. Only Mei (1960) has attempted to look at the detailed

historical and instrumental seismicity for magnitudes less than 6.0.

Mei used data from various sources and made no attempt to discuss the

compatibility of the different data sets. In addition, there was little

attempt to relate the overall seismicity pattern to the tectonics of

Asia. It is clear that with the increasing interest in Asian tectonics

it is necessary to have an accurate representation of Asian seismicity

to correlate with other geological and geophysical data.

The most important earthquake parameters for the study are the

epicenter, depth, and magnitude. By carefully defining the data sets

of earthquakes used, one can attempt useful correlation of seismicity

with other data such as Quaternary faulting and the major observable

geologic features for this intraplate area. This study includes

approximately 5,000 earthquakes and attempts to select the best data

available on hypocenter and magnitude for any given period of time.

Note that no relocations of individual hypocenters have been attempted.

The five sources of data used in this paper and the years covered are:

1177 B.C.-1903 A.D. Chinese Earthquake Catalog,

Academia Sinica, Institute of Geophysics (1970)

1904-1952 Seismicity of the Earth, Gutenberg and Richter (1954)

1953-1965 Seismicity of the Earth, Rothe (1969)

1966-1970 Bulletin of the International Seismological

Centre (I.S.C.)

1971-Feb. 1975 Preliminary Determination of Epicenters (P.D.E.),

U.S. Geological Survey

Each of these sources will be discussed below.
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V In 1956 the Academic Sinica published (in Chinese) a 2-volume

set entitled Chronological Tables 3f Earthquake Data of China containing

over 3000 years of earthquake data. This is the most extensive compila-

tion of earthquake data of China available. It was compiled by the

Third Institute of History, Academic Sinica, from dynastic histories,

local annals, memoirs, newspapers, and seismic station reports for the

later years. These data were later compiled in 1970 into the Chinese

Earthquake Catalog by the Academic Sinica, Institute of Geophysics (in

Chinese). The period of time covered was from 1177 B.C. to 1949 A.D.

In this work intensities were assigned to all areas that reported a

given earthquake. The epicenter was assigned to the region of greatest

destruction. Lee (1958) determined an empirical relationship between

intensity at the epicenter and the surface wave magnitude (M) based on

a study of instrumentally located earthquakes with well determined magnitudes

and intensities. This magnitude (corresponding to M of Gutenberg and

Richter) was assigned to historical earthquakes and ranges from 4.75 to

8.5. Lee estimated that this magnitude determination is accurate to half

a scale of magnitude. This empirical formula between magnitude and

intensity has been updated by Savarensky and Mei (1960), Mei (1960),

and most recently by Chen and Liu (1975). More modern relationships

include the effect of the focal depth, but the data of Chen and Liu (1975)

indicate that the relationship determined by Lee is still good to ±0.5

magnitude units.

Although the first reported event was in 1177 B.C., coverage since

thun is not complete. The historical seismicity data depend crucially

on the population density. For example, the historical seismicity data
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for western China, which is still sparsely populated, are incomplete.

Several provinces in eastern China have a continuous record starting

in 206 B.C., the beginning of the Han dynasty. The description of

smaller tremors on mainland eastern China is more complete and detailedIafter about 1500 (Mei, 1960). The seismicity data for Taiwan are

incomplete before 1900 because of the lack of recorded chronicles.

Because this paper is primarily interested in the seismicity of

China, historical data for areas outside this region have not been

incorporated. An exception is the large Assam earthquake of 1897,

which the Chinese did not include in their compilation because it occurred

outside of China. This earthquake is included on our map of large earth-

quakes (Figure 4).

After 1900 the Chinese Earthquake Catalog data are from all

available instrumental locations, revised in some cases from macroseismic

data. Because Gutenberg and Richter (1954) report only the reliably

determined instrumental epicenters, we have used their book as a source

in order to map more accurate locations rather than simply to plot a

greater number of epicenter- In the table of magnitude 7.8 and greater

earthquakes (Table 2), only 5 events are located differently in the

Chinese catalog. The difference is usually a few tens of kilometers,

For the instrumentally recorded earthquakes, several kinds of

magnitude determination are used. The body wave magnitude (i) is used

for the events reported by Gutenberg and Richter (1954), except in the

map of larger events (Figure 4),for which the revised magnitudes (14) as

given by Richter (1958) are used. The data from Rothe ( o969) also use

the surface wave magnitude (f). be.-z r- m th .



h ... iif - .i......... The data from the I.S.C. and P.D.E.

use the unified body wave magnitude (mb) defined by Gutenberg and

Richter (1956). For the map of large magnitude seismicity (M > 6.0)

the average of the surface wave magnitudes .(M)as reported in

"Seismological Notes" from the Bulletin of the Seismological Society

of America was used for all events after 1965 having more than 100

= stations reporting. This average value of the surface wave magnitudes

was almost always equal to that reported by station PAS (Pasadena).

Thus the map of large earthquakes (Figure 4) shows surface wave magnitude

(1) for nearly all events, and the map of instrumentally determined

epicenters (Figure 6) shows body wave magnitudes, except for the period

covered by Rothe. For earthquakes with magnitude less than 6, the

different magnitude determinations are usually nearly equal, while the

surface wave magnitude is usually greater for larger events. The

difference is not sufficient to affect our conclusions regarding

patterns of seismicity.

For the I.S.C. and P.D.E. earthquake data, those events located

with less than 10 stations were rejected. Although 10 is an arbitrary

number, we found that the earthquakes with less than 10 reporting

stations were often poorly located. Many events with less than 10

reporting stations were preliminary determinations given by the

Large Aperture Seismic Array (LASA) in Montana along with a few other

stations. A plot was made of the events with less than 10 reporting

stations and compared to the other instrumentally located events.

Because the poorly located events did neither enhance the instrumental
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seismicity pattern nor add any new trends, these events were rejected.

= The single deep earthquake in the East China Sea and a few isolated

intermediate depth earthquakes elsewhere are probably also poor locations.

In addition, various explosions were rejected if identified as such

in the listings.

In order to compare accurately the large quantity of seismic data

with features on the LANDSAT mosaic, computer plotting of the epicenters

for different time periods and magnitude ranges was done at nearly the same scale

and projection as the mosaic, and transparencies of these plots were

made to overlay the mosiac. The map projection that provides the best

overall fit for the entire mosiac is the Lambert conic conformal

projection with standard parallels at 33*N and 45'N. The scale factor,

or scale distortion, at the latitude extremes is only 1.01 and at the

middle latitude is only 0.99. Redrafted computer plots covering the

historical seismicity (1177 B.C.-1903 A.D., Figure 5), instrumentally

located seismicity (1904-February 1975, Figure 6), and all large earth-

quakes (M > 6.0, Figure 4) are presented here. On each map only the

largest event for a given location is plotted. Such locations where

several events have occurred are not indicated on the maps. The

hactured regions in the Hindu Kush and northeast of Taiwan represent

areas of concentrated seismicity where individual events cannot be

distinguished at this scale. Locations of the largest earthquakes

(M > 7.8) are given in Table 2. Of the 37 earthquakes in this table, 8

occur in the Taiwan-Ryuky region and 29 on the Asian mainland.



SEISMICITY AND QUATERNARY FAULTING

The historical (Figure 5) and instrumentally located (Figure 6)

seismicity and the faults (Figure 4) show apparent differences between

eastern and western China. The most striking changes between

the two seismicity maps are the reversal in density of epicenters

between eastern and western China and the addition of many earthquakes

along the boundary between the Eurasian and Philippine plates in the

instrumental seismicity map. Both changes are probably caused by the

lack of adequate historical records from western China and the Taiwan-

Ryukyu Islands region. Historical records from Taiwan are not complete

until about 1900 (Hsu, 1971). The sparse population of western China

has prevented the making of an adequate record there. Thus the instru-

mental seismicity map is a better representation of relative tectonic

activity between different regions, because the data coverage for it

is fairly uniform. The historical seismicity map is important for

showing longer term variations in activity in eastern China. These

variations will be discussed later.

Differences between eastern and western China are seen in the map

of large earthquakes with the interpretation of Quaternary faults

(Figure 4). Plotting only large earthquakes (f > 6) .Aiminates much of

the diffuse seismicity and enables trends to be seen more clearly. In

addition, these earthquakes usually 1have more accurate locations and

are more important in tectonic interpretations. This map shows that

the tectonics of western China is dominated by reactivated Paleozoic

mountain belts: the Altai, Tien Shan, A-erh-chin Shan, Nan Shan, and

Kunlun mountains, in addition to the active plate margin seismicity at

the Himalayas and to the seismicity within Tibet. These active belts

mm N7|
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contrast with the nearly aseismic Tarim, Dzungarian, and Tsaidam basins.

The large strike-slip faults within and along these belts may have been

important in accomodating some of the relative motion between India and

Eurasia after the beginning of their collision (Molnar and Tapponnier,

1975). For most of -neir length, these faults are not well-defined

seismically, probably because the time period of existing data is too

short. A similar argument may apply to some other major strike-slip

faults such as the Alpine fault in New Zealand and the Garlock fault

in California. However, some fault displacements along the strike-slip

faults have been observed (Figure 4). In addition, thrusting in 1932

(Table 1) along the eastern extension of the major fault through the

A-erh-chin Shan mountains suggests that this fault is connected to the

fault northeast of the Nan Shan. This connection, being a thrust fault,

is not distinct on the satellite images and is not shown in Figure 4.

Although the *total displacement on these faults is probably large, the

determination of the amount of Quaternary and Cenozoic displacements

must await field investigations.

The Quaternary tectonics of eastern China appears to be dominated

by the Shansi graben and right-lateral strike-slip faulting (Figure 4).

In contrast to the reactivated Paleozoic mountain belts in western China,

the Shansi graben in a Cenozoic feature (Li and Li, 1973). Southeastern

China, the site of much Mesozoic tectonic activity is relatively aseismic.

As in western China, there are basins, here the Ordos and Swechwan

basins, virtually without seismicity and Quaternary faulting.

Another important difference between western and eastern China is the
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generally east-west trend of mountain ranges and basins in western

China compared to the generally northeasterly trend in eastern China.

T1.is difference is reflected in the seismicity by the occurrence of

more earthquakes in western China (Figure 6) and by a roughly north-

south trend of seismicity along the border (approximately 100-1050 E)

between the two regions. This difference of trend from western to

eastern China is also seen in the map of Quaternary faults (Figure 4).

In part, the difference may reflect the change from west to east in

Paleozoic and Mesozoic orogenic trends (Li and Li, 1973). Tn western

China these orogenic trends may have been reactivated by the collision

-of India with Eurasia during the Cenozoic (Molnar and Tapponnier, 1975).

Subsequent crustal shortening and isostatic uplift could be responsible

for the higher average elevation in western China compared to eastern

China.

Irr addition to the difference in trend, the Quaternary faults show

Ha difference in the type of tectonics between western and eastern China.

In western China, the long, linear nature of some of the faults and the

juxtaposition of often contrasting rock types (Figure 3) suggests that

these may be major strike-slip faults. Where observed or inferred (Figure 4),

the sense of motion is left-lateral. Important thrust faults in western

China may not be show-n in Figure 4, because of the problems in interpretation

discussed earlier. In contrast to this, the most spectacular feature

seen in the LANDSAT images for eastern China is the Shansi graben with its

-normal faults. The IANDSAT images and fault plane solutions (Molnar and

others, 1973) also indicate the presence of northeasterly trending right-

E z lateral strike-slip faults in eastern China. Thus either the deformation in

eastern and western China are caused by different forces or the two regions are

responding differently to the same forces.
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CYCLES OF SEISMICITY

Although instrumental data provide the most objective map of

seismicity, the historic record shows that tha 70-year instrumental

= period is too short to give an accurate representation of seismic

activity. A good example comes frow the Shansi graben area. Quaternary

faulting in the graben is readily apparent in the LANDSAT images

(Figure 1). Also the historical seismicity mpp (Figure 5) and the large

earthquake map (Figure 4) show significant activity in this area. However,

instruaentally located seismicity (Figure 6) here is virtually absent.

Thus this area supports the thesis that faults with Quaternary activity

should be considered as potential sites for future earthquakes, even

though the instrumental record or a short historical record shows very

little seismicity.

The relatively few instrumentally located epicenters in southeastern

China compared to the historical record appears to reflect only the smaller

time interval used for the instrumentally located epicenters. That is,

for the area bounded by longitudes 1050E and 120*E and latitudes 20*N and

300 N, the instrumentally recorded earthquakes, if recorded at the same

rate for 600-800 years, would produce approximately the number recorded

Lhistorically. The historical record includes more than this 600-800 years,

but much of the record is incomplete. One important aspect of the historical

record for southeastern China is that it demonstrates that small earthquakes,

usually less than magnitude 6, occur throughout this region. Other intra-

plate areas may have similar diffuse seismicity over a period of a few

thousand years.

i
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Shih et al. (1974b) have attempted to quantify the length of record

needed by studying cycles of seismicity. They divided China into 23

seismic zones and determined active and quite periods for each zone

(for example, see Figure 7). They found that the average length of a

cycle decreases from 700-1000 years for nearly aseismic regions such

as southeastern China to 15-18 years for highly seismic regions such

as Taiwan, although notable exceptions to this decrease in period with

i-ncrease in seismicity do exist (Allen, 1975). The cycle could sometimes

be divided into several stages, the final stage culminating with a large

earthquake. If such cycles are applicable to other intraplate areas,

which often have historic records of only a few hundred years at most,

then clearly other studies, such as of Quaternary faulting, are needed to

realistically evaluate seismic risk.

CONCIUSIONS

Because most of the instrumentally located intraplate seisnicity in

China is north of the Himalayas, this seismicity may be caused by the

continuing collision of India and Eu-rasia. The resulting high relief of

the Himalayas and Tibet and the clusters of intermediate depth earthquakes

beneath the Hindu Kush and Burma distinguish this area from other active

collision zones around the world. Using fault plane solutions and LMSAT

imagery, MoInar and Tapponier (1975) have concluded that the intraplate

deformation is caused by high stresses transmitted from the collision zone.

In our more detailed study of the iragery the inferred senses of motion

on the strike-slip faults in western China (Yigure 4) are broadly consistent

with their hypothesis. Our inferred left-lateral motion on the fault

_ _ _ _
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'1 immediately northeast of the Tarim Basin (see Figure 3D) is oppositeF

to theirs, but ats location is in an area of transition between left-

and right-lateral faulting, and hence the change does not appear to affect

their conclusion. Based on fault plane solutions, they choose right-lateral

motion on the northwest trending faults in Russia north of the Tarim

Basin, but we have found no evidence in the igery for either sense of [
motion. Because this change from left- to right-lateral faulting is critical [

to their model our data do not unambiguously support their model. However, V
other fault plane solutions (Das and Filson, 1975) show east-west trending

thrust faults near the same area, which have a direction of maximum

compressive stress consistent with right-lateral motion on northwest trend- I.

ing faults and hence can be interpreted as supportive of Nolnar and

Tapponnier's model for this area.

A particularly difficult fault zone to model in terms of stress t

guided from major plate boundaries is between Tibet and the Swechwan Basin

at -approximately 1000E. Its north to northwest strike would indicate

right-lateral faulting if its motion were to be similar to the plate

boundary nearby in Burma. However, historic breaks (Table 1) and fault

plane solutions demonstrate that this fault, which is clearly visible

on LANSAT imagery, is left-lateral. Thus this area is either moving

independently of the Himalaya collision zone processes or responding to

the collision by "squeezing" out material, as Molnar and Tapponnier (1975)

suggested.

East of 105-110°E the style of deformation changes rapidly. The

left-lateral faults of western China decrease in number and the normal

faults of the Shansi graben predominant. Fault plane solutions indicate

-- !-
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that the north-northeast trending faults to the east and northeast of

the graben aie right-lateral. Das and-Fflson (1975) point out that

north-south compression southwest of Lake Baikal quickly changes to

northwest trending extension within the Baikal rift zone. Molnar

and Tapponnier (1975) relate the Cenozoic Shansi and Baikal grabens

to the large strike-slip faults and not to upper mantle diapirism

beneath the grabens. Both of these gabrens are bounded on the south

by strike-slip faults that appear to end near the grabens (Figure

4). The Cenozoic displacements near the end of the faults may have

been taken up by the opening of the grabens. This is best seen in

the Shansi graben, where left-lateral displacements have been

observed on the strike-slip fault system and the graben is clearly

widest at the southern end. We note that the termination of a

strike-slip fault near one end of an intraplate graben nay dis-

tinguish this mechanism of formation from other ones.

To explain the change in tectonics from western to eastern

Cnina, Shi et al. (1973) postulated that India-Eurasia plate boundary

causes deformation in the west and that stresses from the

Pacific-Eurasia boundary predominate in the east. The smaller

Phillippine plate would not
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be as important. While this model does account for the change in strike-

slip faulting from west to east, the mechanism by which stresses are trans-

mitted from the Japanese arc sub. -tion zone with its complications of

back-arc spreading is less apparent than for stress transmission from the

Himalayas (discussed by Molnar and Tapponnier, 1975).

The models discussed thus far involve internal deformation within

the Eurasian plate. The existence of nearly aseismic blocks, the basins

disucssed earlier, separated by areas with seismicity and Quaternary

faults lends support to the concept of a mosiac of small plates instead of

internal deformation. The boundaries between these plates would not be

single, discrete faults but broad zones of faults. While this concept

is useful in pointing out that deformation is not uniform across China

but is often concentrated in certain zones, a satisfactory division of

all of the region in Figure 4 into small plates is not apparent. The

main problem is that the zones of deformation do not form a continuous

network. Das and Filson (1975) attempted to divide the region in Figure

4 into six plates. However, their attempt is not highl satisfying because

much deformation occurs far from their boundaries and large segments of

their boundaries are not associated with seismicity or Quaternary fau~tLg.

Therefore we would classify the deformation away from the major plate

boundaries as intraplate tectonics.

Although the sources of high stress in intraplate regions of the world

may well vary from area to area, there are certain similarities in the

responses of the crust to these stresses. One characteristic is reactiva-

t-ion of Phanerozoic orogenic belts. In addition to the reactivated Palso-
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zoic belts in China mentioned earlier, others belts, usua..ly with minor

seismicity, are the Appalachians in eastern North America and the

Tasman and Adelaide Geosynclines in Australia. While it is usually

"lfficult to prove that the seismicity is associated with pre-existing

its, the observation that earthquakes often occur within the orogenic

ieit but rarely on adjacent platform areas is suggestive of such an

association. There is field evidence for Quaternary movement on pre-

existing faults in the Tien Shan (Dergunev, 1972), Altai (Adamenko, 1971)

and Nan Shan (Shilh et al., 1974a, Yu, 1963) ranges. Other Paleozoic

ranges, such as the Mhingans in northeast China and the Urals in Russia,

appear to have only very minor seismicity. Thus reactivation of Phanerozoic

orogenic belts in intraplate regions is common but not uni.ersal.

This effect of pre-existing zones of weakness may explain why India

has very few earthquakes compared to the region north of the Himalayas.

Other than the Cretaceous to Early Tertiary flood basalts, India consists

predominantly of Precambriau shield rocks, many of whose fault -ones may

have been healed through metamorphism. Occasional earthquakes such as the

1967 Koyna earthquake (M-6.4) and the 1969 Bhadrachulam earthquake (M-5.7)

indicate that India is under high north-south compressive stress, but the

lack of Phanerozoic orogenic belts in India may dictate a different response

to high stresses than for China.

In China and other intraplate regions there are also large earthquakes

that do not occur witiin Phanerozoic orogenic belts. Earthquakes within

and to the east and northeast of the Shansi graben, in the Rhinegraben,

in the central Mississippi River valley, and in the St. Lawrence valley
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are examples. The locations of such earthquakes are still usually sites

of pre-existing weaknesses. Because these earthquakes are usually infrequent,

geological and geophysical investigations, such as of Quaternary faulting,

are especially valuable in these regions.

t
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TABLE 2

EARTHQUAKES OF CHINA AND SURROUNDING REGIONS (M > 7.8)

Origin
Date Time Latitude Longitude Magnitude Depth

(D.M.Y.) (U.T.) (*N) (OE) (kcm)

17.09.1303 - 36.3 111.7 8.0

23.01. 556 - 34.5 109.7 8.0

29.12.1604 - 25.0 119.5 8.0

25.07.1668 - 35.3 118. 8.5

02.09.1679 -- 40.0 117.0 8.0

18.05.1695 - 36.0 115.0 8.0

03.01.1739 - 38.9 106.5 8.0

06.09.1883 -- 25.2 103.0 8.0

22.08.1902 -- 39.5 76.0 8.25

07.06.1904 08:17:54 40.0 134.0 7.9 350

24.08.1904 20:59:54 30.0 130.0 7.9 0

04.04.1905 00:50:00 33.0 76.0 8.6 0

02.06.1905 05:39:42 34.0 132.0 7.9 100

09.07.1905 09:40:24 49.0 99.0 8.4 0

23.07.1905 02:46:12 49.0 98.0 8.7 0

22.12.1906 18:21:00 43.5 85.0 8.3 0

07.07.1909 21:37.50 36.5 70.5 8.1 230

10.11.1909 06:13:30 32.0 131.0 7.9 190

12.04.1910 00:22:13 25.5 122.5 8.3 200

03.01.1911 23:25:45 43.5 77.5 8.7 0

18.02.1911 18:41:03 4v.0 73.0 7.6 0

15.06.1911 14:26:00 29.0 129.0 8.7 160

23.05.1912 02:24:06 21.0 97.0 7.9 0

05.06.1920 04:21:28 23.5 122.0 8.3 0



TABLE 2

EARTHQUAKES OF CHINA AND SURROUNDING REGIONS (continued)

Date Time Latitude Longitude .. Depth

(D.M.Y.) (U.T.) (ON) (0 E)

16.12.1920 12:05:48 36.0 105.0 8.6 0

-15.11.1921 
20:36:38 36.5 70.5 8.1 215

22.05.1927 22:32:42 36,75 102.0 8.3 0

10.08.1931 21:18:40 47.0 90.0 7.9 0

15.01.1934 108:43:18 26.5 86.5 8.4 0

14.02.1934 03:59:34 17.5 119.0 7.9 0

12.09.1946 15:20:20 23.5 96.0 7.8 0

20.12.1946 19:19:05 32.5 134.5 8.4 0

29.07.1947 13:43:22 28.5 94.0 7.9 0

15.08.1950 14:09:30 28.5 96.5 8.7 0

18.11.1951 09:35:47 30.5 91.0 7.9 0

27.06.1957 00:09:28 56.4 116.5 7.9 33

04.12.1957 03:37:48 45.2 99.2 8.3 33

a

{Ii'U

-I _____________
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FIGURE CAPTION

Figure 1. Mosiac of LANDSAT imagery of China and surrounding regions.

Approximately Lambert conic conformal projection.

Figure 2. Physical features of China and surrounding regions.

Figure 3. A. Lower fault is part of the major fault indicated in

Figure 4 by a solid line immediately southeast of

the Tarim Basin. Upper faults are smaller subsidary

faults. Center of image is approximately 400N,

95 1/20 E.

B. An apparently naturally dammed lake along the sane

major fault as in Figure 3A. Lake is approximately

at 38 1/f°N, 90.E.

C. Portion of the left-lateral Bogdo fault, which moved

in 1957 (Table I). Fault is in Mongolia at approximately

45 0N.

D. Apparent left-lateral offset of dark rock unit along

fault iMediately northeast of the Tarim Basin (Figure 4).

Center of image is approximately 41'N, 91 i/2*E.

Figure 4. Nap of large earthquakes 01 Y 6) and of Quaternary faulting

interpreted fr A LND3AT imagery. Sense of fault movement

inferred from imagery is indicated by arrows with open heads

and determined from known surface faulting is indicated by

arrows with solid heads.

43



Figure 5. Seismicity of China and surrounding regions from historical

records.

Figure 6. Instrumentally located seismicity of China and surrounding

regions.

Figure 7. Examples of active and quiet periods of seismicity in tw6

regions of China. From Shih et al. (1974b).
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APPENMr: G

INVESTIGATION OF THE 19,66 EARTLJ UAKE 5~ : N X R U R HN

USING THMIE 24ET1ODOFJOTh PENp r ~ME~AT

Richard K. CardwellI and Bryan 'L. Isacks

lPartremt of Ceo-logical Sziences

Cornell u~ver s.%.

ABScl:c-T

ser-zes of dsrcieearLb~=--rns or--rd norher Ghradu

l1-arch 196- in .a area with no Previu-i nqtr-rtntallvlocatcdz Seisnicit.

The tecto-ics of this int-pat -t n are p-onry und.erstod Eamntn

of LANDSAT1 imagery reve-led evdneof -recent a atltinr, in ti

and other nearby regions of n-orthcr-m Chna T euetho of "Isnt Epicne

De t erminto n"(i- was used to relocate euacentaers of teerh-L~

_WThe best relocations Were obtained with te met-hod using a station-

corrected calibration event. Those loca"-- alon- wi'th publishe-d fault

plane solutions, historical earthqnzh-e recorcs and LALINDSAT-1 imtagerv are

in vary good ag-reenent w-' the pyiind fieldnvsictin that renorted

the earth-cks to have occurred aloeng a large right-lat-era1 strik-e-slr-

fault zone. The sese of motion on ths-~~~i;faure apat-ars to

be relate-d tan exte-nsi;onal stress system.. oriented ~W- Ei h r-n

of the Shansi Graben and the North C-i.na Pain.
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The seismiciav of ntraplate areas I.s very poorly ue erstood due to

the sporadic occurrence and diffuse distribution of intraplate earthquaiKes.

The problem is further complicated by the fact that detailed fidel studies

of ~ ~ ~ ~ ~ ~ ~ ~ S ths nrv~ r~ r o lasps~le. It is thus desirable

to develop reliable tech-iques using remote sernsin data to study these areas.

Seismograms recordei at teieseismic distances and satellite L-;2aey are

ideal-y suited for this type of Investlegt-on.

T±bese -~'a m-used to e~amine a Sare o-- eartnauakes that occurred

in northern China -- an area w:: within the -boundaries of the EUsi

S!at results of extensive f 'eld inves tgations are avilbe w.,

the earthquakes so that co-par-n can be maee between these fie dI- investgat 4- s and the results from seismic and optical reote sensing.

This paper compares various methods of location using teleseisic data

inorerto deternine as a-ccurat-ely a-d pre-2Nely as possii Ie t*~ spati al

distribution of the earthquakes. The best locations, fault plane solutions,

and satellit-a all ar ite wnp lis' fie'i g arnd show

that the earthquakes occurred along a large ight-ateral strike-slip

fault zone. It is concluded that carefu! relocation procedures and

detailed analyses of satellite imagery mahe it possible to locate faults

associated wit-h shalow focus intraolate seismicity usIg remote se's-2

data.

OLi GEOLOGY riAJ -- C

Figure 1 is a map of the instrumentally located seismicity of China

- and surrounding regions from 1904 to February, 1975. There is a large
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difference in the seismic activity between eastern and western China.

-gastern China is presently characterized by a low level of activity,

although historical records show that there have been periods of higher

activity in the past. The large number of events shown in the center

of the outlined area is investigated in this paper.

Figure 2 shows the shallow-focus seismicity and major tectonic

features of the region outlined in Figure 1. The physiographic features

and faults are mapped from ANTDSAT-I (formerly ERTS-A) imagery. The

only lineations mapped are those that are greater than ten kilometers

long, reasonably straight, and offset streams or cut alluvial deposits in

a consistent direction. Other criteria considered are observable scarps and
lineations separating different rock textures and tonal differences on either

tide. These criteria are used to define Quaternary faulting in Figure 2A.

The fault types are unclassified except where both the imagery and the

geologic literature support existence of normal faulting. The Quaternary

or younger age of Tny of these faults is verified in the published

-Chinese literature.

Figure is he same base mip as in Figure 2A showing historically

reported epicenters £rom --b e Earthquc-e Catalog by the Academia

Sinica (1970). These epicenters cover the period from 1177 B.C. to 1903

A.D. and are the result of an intense study of pre-instrumental epicenter

locations by the Academia Sinica.

In the region shown in Figure 2 the physiography and the various

tectonic features such as aults have predominantly north-northeast and

A northeast trends. The region where the 1966 earthquake series occurred

(outlined area) is on the western edge of the North China Plain. The

Worth China Plain has an elevation of less than 100 meters and is a
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sediment-filled basin surrounded by uplifted areas with elevations over

one kilometer. In parts of the basin there are up to seven kilometers of

sedimentary fill above the basement (Terman, 1974). The lowermost

sedimentary strata are Cambrian silts and clays that lie above the

crystalline basement. In the outlined area there is about one kilometer

of sediment overlying the basement, and this sediment cover rapidly thins

to the west (Yao et al., 1974). Chang (1959) cites evidence that this

basin has been continuously subsiding since the middle to late Tertiary.

More recently, Chen et al. (1975) determined a subsidence rate of 5 m"'/yr

in the outlined region. The crustal thickness is about 40 km (Yao et al.,

1974).

Terman (1974) and various others have shown the western edge of

-M the l:orth China Plain to be faulted down against the northeast-trending

T'ai-Hang Mountains. Here the T'ai-Hang Mountains are composed of

metamorphosed schists and gneiss of Archean age. The basin was caused

by the sinking of the eastern portion of the range (Chang, 1959). There

is abundant geomorphologic evidence that the T'ai-Hang Mountains are

still being uplifted (Huang, 1960). These mountains include north-northeast

striking faults with apparent Quaternary movement.

The Shansi Graben system lies to the west of the T'ai-Hang Mountains.

It is a system of grabens defined by north-northeast and northeast striking

faults that lie between the T'ai-Hang Mountains and the Lii-Liang Mountains.

This graben system is one of the larrest in the world. The normal faults

have evidence of Quaternary movement and some of China's most destructive

earthquakes have occurred in this graben system. In addition to the

T'ai-Hang Mountains, the Li-Liang Mountains and the Ordos Platform

(containing the Ordos Desert) are all undergoing recent uplift (fluang,

1960). There is a continuation of the graben system to the west of the
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Ordos Platform. In summary, all the tectonic features west of the North

.. China Plain are undergoing uplift except for the relative subsidence in

the grabens.

To the north are the Yin Mountains and to the south are the Tsinling

and Ta-Pieh Mountains. These ranges are being uplifted also and have many

northeast trending faults in them in addition to faults with other strikes

(Chang, 1960). The North China Plain is bounded on the east by the

uplifted T'ai Mountains. This range was formerly connected to the Ch'ien

Mountains across the Gulf of Chili. There is evidence of recent uplift

here and the faults strike northeast and northwest.Pavlinov(1960) shows

downfaulting of the North China Plain relative to the uplifted T'ai

Mountains. Although it cannot be clearly seen on the LANDSAT-l imagery,

there is a large north-northeast trending fault zone crossing the T'ai

Mountains, continuing across the Gulf of Chili, and then extending to theK

northeast at the western edge of the Ch'ien Mountains. This fault zone

has been called the Tancheng-Lukiang fault zone by Wilson (1972), and

the Ciinese claimed to have predicted the large February 1975 earthquake

Of 7.2) along this fault.

By combining both instrumentally located events with the historically

reported events it is possible to determine several seismic zones with

- - northeast trends in this region. One zone is defined mainly by large°I
Ihistorical earthquakes and trends north-northeast through the Shansi graben

system. It then bends northeast towards Peking. The graben west of the

Ordos Platform is also defined by a north-south trending seismic zone.

There is some suggestion of a seismic zone which follows the boundary

between the eastern edge of the uplifted T' -k ang Mountains and the

western" edge of the North China Plain. This zone is parallel to the Shansi

• rmmm mlIm u ~ ~ l
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Graben zone and intersects it near Peking. The 1966 series of earthquakes

= would be part of this zone. Another diffuse north-northeast trending

seismic region possibly occurs in the T'ai Mountains south of the Gulf of

Chili and extends to the western edge of the Ch'ien Mountains. It is not,

however, clear whether two distinct zones exist or whether the seismicity

east of the Shansi Graben system is more complex.

Although the region of the North China Plain and Shansi Graben is

considered an "intraplate" area, the historical record (Figure 2B) shows

that a number of very large earthquakes have occurred there. For example,

the Academia Sinica (1970) lists seven shocks with estimated magnitudes

greater than or equal to 8.0 for the time period 1303 to 1739.

The directions of faulting determined from fault plane solutions shown

in Figure 2A are from Molnar et al. (1974) and Banghar (1974). The fault

plane solutions for the earthquakes in the North China Plain all show

right-lateral strike-slip motion along northeast striking planes. The

series of earthquakes investigated in this paper is shown in the outlined

region of Figure 2A. Coe (1971), the American Seismology Delegation to China

(1975), Chen et al. (1975), the Geodetic Survey Brigade for Earthquake

Research (1975), and various others have visited this area since the

earthquakes occurred and reported on a broad north-northeast striking

fault zone.

LANDSAT--1 IMAGERY

Figure 3 shows a band 7 LANDSAT-I image (photo number 1486-02285) of

the region outlined in Figure 2. It is evident from the imagery that

there is a fault scarp in the T'ai-Hang Mountains to the southwest of

Hsing-t'ai. One can follow a linear from the fault scarp to the northeast
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along a trend of N320E. This linear is defined by offsets and kinks in

stream channels. The linear is also defined by a contrast in shading on

opposite sides of the lineament. Since near infrared imagery is used

this shading contrast may indicate a slight difference in water content of

the soil on opposite sides of the linear zone. The darker coloration lies

to the east of the linear in an area of many irrigations ponds and channels.

This linear may be a continuation of the fault scarp into the sediment-

filled basin or perhaps a boundary of a fault zone. In the following

figures the fault scarp in the mountain is shown as a solid line and the

linear is shown as a dotted line. Although the linear may or may not

represent the fault or the boundary of the fault zone, for this paper the

lineation will be used as a fixed reference line with which to compare

the epicenters relocated by different techniques.

SEISMICITY

Historical records of seismicity for northern China are complete for

almost 3000 years. The small region of the North China Plain outlined

in Figure 2 has been aseismic for much of this time. Only seven events

were reported for this area prior to 1966 and none were instrumentally

located. Five events were small and are probably not well located. The

remaining two have estimated magnitudes of 6.0 and are probably reasonably

well located. The dates for these two events are 777 and 1882. The

locations are shown in Figure 2B and as crosses in Figure 4A. Since 1882,

no other historically reported or instrumentally recorded events occurred

until 1966. On March 7, 1966 at 2129 GMT, a devastating earthquake

occurred in a rural area near Hsing-T'ai in the Hopei Province, China

(about 300 km southwest of Peking). Although statistics on fatalities and

_ii hi- _imm ii
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Injuries are not available, the figures were probably high. Goe (1971)

visited the village of Sha Wan, 30 km from the epicenter, and reported

that 70 percent of the houses in that village had collapsed and that the

rest were "unfit to live in." This event was the first of 30 earthquakes

of magnitude 4.3 (m) or greater that occurred that month and continued with

decreasing frequency and magnitude for the next few years. It was because

of these destructive events that the Chinese began their intensive earthquake

prediction program. These events illustrate the need for caution in basing

seismic risk zoning on instrumental and even historical seismicity. Figure

4A shows the historical and instrumentally located earthquake epicenters in

the region outlined in Figure 2.

Figure 5 shows the sequence of earthquakes for the first two months

as reported by the PDE (Preliminary Determination of Epicenters). The March 7, 1966

event (with a magnitude (H ) of 6.8) initiated the series Eight other
5

events with magiitudes (m%) greater than 4.2 quickly follawed within the

next four days. The next large event was the magnitude 5.6 (%)

earthquake of March 22, 1966 at 0811 M'T followed eight minutes later by

a magnitude 7.0 (H) earthquake. The damage from these two events was

considerable. A series of eight additional events (located by the PDE)

followed during that day. A total of thirty events occurred during the

month of March. The activity decreased in frequency and magnitude the

rest of that year for a total of 40 events. Eight other teleseismically

recorded events occurred from 1967 to 1968. The largest had a magnitude

of 5.8 (m) in January 1968. Since then only one small event (a = 4.8)

occurred in June 1974.

In addition, there have been several reports of continuing micro-

earthquake activity in the area (Coe, 1971; Li et al., 1973; Yao et al.,

1974). These data will be examined later in this paper.



9Ao h.igure 4A shows a definit clustering of events in space)
I the spatial pattern is ill defined. In order to better define the pattern,

each earthquke was individually examined to deterine the quality of the

ISC (International Seismic Centre) location. Events were rejected

if epotedby oo ew tatons iftheazimuthal distribution of the

stations is poor, or if the residuals are anomalously large owing to

emergent first arrivals and small amplitudes. Of the 49 teleseismic events,

14 were rejected, and the remaining 35 events are plotted in Figure 4B3.

Although this greatly reduces the scatter of epicenters and somewhat

defines a linear grouping, the trend of the pattern of the epicenters is

I still uncertain. The ISC locations are subject to errors due to station

and path effects. These errors affect ,-a.'uracy, and because of the

variable network of stations, affect the precision of the locations. The

method of Joint Epicenter Determination (JED; Douglas, 1967; Dewey, 1971,

1972) is ideally suited for precise relocation of evpnts that are closely

grouped in space as these events clearly are, and was chosen to improve the

precision of the relative locations.

RELOCATION OF EVENTS WITH JOINT EPICENTER DETERMINATION

The JED method assumed that for a given set of closely grouped hypocenters

the combined station and path correction is constant for each station.

The input data to the program are initial earthquake hypocenters, a

calibration event that is held fixed during the relocation, initial origin

times and st_'.-ion arrival times of the events, all taken from the

Bulletin of the International Seismic Centre. Given this information,

one can simultaneously solve for a set of hypocenters, origin times, and

path-station corrections for each of the stations used in the relocations

by the method of least squares using the Herrin et al. (1968) travel-time
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tables.

Thirty-five earthquakes were relocated by this method with a maximum

of 17 possible stations per earthquake and a minimum of 7 stations per

earthquake. The average number of stations used per earthquake was 11.

Stations were chosen to give the best possible uniform azimuthal and

epicentral coverage as well as reliability of readings. Epicentral

distances were all between 20 and 90 degrees (with the exception of Seoul,

Korea at 9.6 degrees) from the events. Table 1 gives the station locations

and approximate azimuths and epicentral distances.

Since the critical factor in the relocations Is the quality of the

arrival time readings, the records were reread for many of the stations

for which, in the original ISC locations, there was a time residual

(observed arrival time minus calculated arrival time) of greater than one

second.

The ISC reported depths for most of these events less than 30 km deep

or else constrained depth to 33 km. These depth determinations are calculated

from arrival times of P only. Thus, without pP data or arrival times at

stations very close to the source, it is impossible to accurately determine

focal depths. In order to check the ISC depth determinations a study was

made of any second arrivals on the long and short period vertical components

of the seismograms in an attempt to identify pP or s.' phases. Depth

RMi phases such as pP are not clear on the seismograms of these events.

However, some second arrivals were observed to follow the initial P phase

by 4.5 to 8.0 seconds. From the Herr4n et al. (1968) tables, this time

difference would correspond to a depth range of 15 to 30 km if the second

arrivals were pP phases. An example of a second arrival is shown in

M Figure 6 for the earthquake of March 7, 1966 at 2129 GMT for station ADE

IN



(A = 75.260). The time separation between pP and P,, 7.5 seconds,

corresponds to a depth of 25 km. Depths for a gi-yen eathquake were

consistent for different stations although the number of stations showing

a second arrival was limited.

Thus, the range of depths calculated by the ISC and the times of the

presumed pP phases are in agreement. This depth range also matc!.s that

determined by microearthquake studies in the region to be examined in

detail later in this paper.

In the initial JED locations of the events ihe depths became

negative because there were no local stations to provide depth control.

Therefore for this paper all hypocenters are constrained to a surface

focus. Since all events are shallow focus earthquakes there is little

-M relative error in the location of the epicenter. The reason for this is

that for any given event with good azimuthal station distribution there

is a tradeoff between depth and origin time while the epicenter location

is only slightly affected.

ACCURACY OF EPICENTER LOCATIONS

In any earthquake location, one must consider the effects of the

E following on the accuracy of the epicenter location: source effects, path

effects, distant station corrections, accuracy of the travel-time tables,

and effects due to non-uniform distribution of distant stations. These

effects are individually considered below and summarized at the end.

Station distribution. A minimum of three stations in separate quadrants

are needed to uniquely determine an epicenter using arrival times. It is

desirable to have at least three other stations in these same quadrants in

order to provide some measure of redundancy and prevent mislocations due to

a

OILI
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reading errors. In this study a minimum of seven well-distributed

stations were used for each earthquake. It is asserted that the station

distribution shown in Table 1 is quite adequate for accurately determining

the investigated epicenters. This assertion will b- ho,-- to be substantiated

by the tight grouping of the epicenters with nearly c. -cular 90% confidence

ellipses.

Source effects. There is no obvious evidence in the tectonics,

physiography, or crustal structure (Yao et e1., 1974) to indicate the

presence of a large velocity anomaly near or beneath the source which

would cause a bias in a teleseismic location. In this study it will be

j with local studies will be shown to justify this assumption.

Path effects, distant station corrections, and accuracy of travel-

time tables. The method of JED assumes that for a closely grouped

distribution of epicenters the combined effects of individual station

corrections and travel path corrections are constant for all the earthquakes

in the cluster. The method computes this correction for each of the rays

from the epicenter cluster to each station using a least squares algorithm.

The accuracy of an individual epicenter determined by the JED technique

depends on two factors. First, the precision of an epicenter with respect

to other epicenters is determined by the JED method of relocation using

the computed path-station correction. Second, the accuracy of the location

Wof the entire group of epicenters depends on the accuracy of the chosen

calibration event location. These two factors will be discussed

separately.

The precision of one epicenter with respect to the others is.

determined by the quality of arrival time readings and the station distribution.

== I

jNI
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Good arrival time readings obtained by re-reading seismograms and a good

station distribution enabled the epicenters to be relocated quite precisely

with respect to one another. It should be noted that one uncertainty in

this study is the difficulty in precisely reading the arrival times of

shallow focus emergent earthquakes. Of the 34 relocated epicenters

(excluding the calibration event which is discussed below) 94% have

epicenters whose 90% confidence ellipses have semi-major axes less than

13.3 km. In addition the confidence ellipses are nearly circular

which indicates that there is little bias due to station distribution. The

average ellipticity is 0.10. The semi-axes of the ellipses differ from

each other by only 0.7 km on the average. Although the confidence ellipses

are not as small as those determined for some deep earthquakes relocated

by Joint Ilypocenter Determination (Billington and Isacks, 1975), they

are as good or better than published relocations using this method for

'I shallow events (Dewey and Grantz, 1973; Dewey and Algermissan, 1974;

! Qamar, 1974).

The precision can also be checked by noting the stability of an

epicenter located with respect to different groups of earthquakes with the

same calibration event. Using the same calibration event a test group

of five 1966 earthquakes wras located with a group of M.l 1966 events and

then located with a group of post 1966 events. After both relocations

the epicenters were nearly identical and well within the confidence

ellipses. For the two relocations the epicenter differences were less than

5 km and generally less than 1 km. Therefore, for a given calibration

event the stability and precision of an epicenter with respect to other

epicenters is quite good.

= The position of the calibration event must be chosen with care because
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an inaccurate calibration event can shift the entire group of epicenters,

although the position of the epicenters with respect to each other remains

essentially the same.

The calibration event used in this study is the event of March 22,

1966 at 0811 ('MT. This is a well recorded event reported by 204 stations

in the Bulletin of the ISC. The epicentral location of the eventj taken

from the Bulletin of the ISC, is 37.540 + 0.024°N by 115.000 ± 0.026°E,

and the depth is constrained to be at the surface. The accuracy of the

calibration event location can be partly examined by using a standard

single-event location method with different travel-time tables and

published station corrections to see how much the resulting locations

vary. Figure 7 and Table 2 show the results of this procedure.

It is expected that the "ISC" and "J-B" locations are essentiallyI the same. The difference in travel-time tables results in a 5 km

difference in location. Since the Jeffreys-Bullen tables are slow with

respect to the Herrin et al. tables, this explains the slightly earlier

origin time and shallower focus.

Various authors have considered the effects of using station

corrections in relocating earthquakes. Bolt and Nuttli (1966) and Nuttli

and Bolt (1969) considiered the effects of azimuthal dependence of station

corrections. Four published sets of station corrections are known to

the authors. Lilwall and Douglas (1968) calculated azimuthally dependent

station corrections determined from earthquakes and explosions using

Terrin et al. (1961) travel-time tables. Cleary and Hales (1966) computed

mean value station corrections determined from earthquakes using Jeffreys-

Bullen travel-time tables. Jacob (1972) calculated mean value station

corrections from the Longshot explosion using Herrin et al. (1968) travel-

time tables. Herrin and Taggart (1968) computed azimuthally dependent



1-5

station corrections determined from earthquakes using Herrin et al. (1968)

travel-time tables. Although for many stations the mean value residuals

are somewhat similar, there is considerable scatter in the variation of

the azimuthal dependence.

In Figure 7, "station-corrected" represents the location of the

calibration event located using station corrections published by Herrin

and Taggart (1968). This set of station corrections was chosen because

of the inclusion of azimutbally dependent terms. In addition these station

corrections are consistent with the use of Herrin et al. (1968) tables used

in the jED location procedure. The largest station correction is 1.53

seconds nid noest cozruections are considerably less. From Figure 7, one

can see the "station-corrected" location differs by 7.45 km from the

"J-B" location. "ISC", "J-B", and "Herrin" locations are close together

while the "station-corrected" location is the most noticeably different.

The "ISC" and the "station-corrected" locations are chosen as

calibration events in order to examine the effect of calibration event

mislocation. The final locations after three iterations of the JED

procedure using these two calibration events is shown in Figures 4C and
4D and listed in Table 3. Note how the use of a different calibration

event shifts the group of epicenters compared to the lineation while the

relatire position of the epicenters remains unchanged. Also note how both

MA JED relocations clearly provide a better epicenter clustering than the

best ISC locations shown in Figure 4B. The JED relocations in this case

form a linear enicenter trend that makes a tectonic interpretation less

ambiguous than in Figure 4B.

This section has considered the following factors affecting the

accuracy of the locations of shallow earthquakes: station distribution,

source effects, path effects, distant station corrections, and travel-time

__4
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table accuracy. In this study network bias is eliminated by using an adequate

station distribution including redundancy and this is further evidenced

by the small average ellipticity of the confidence ellipses. There are no

obvious anomalous velocity distributions in the crust of the epicentral

region. Path and station corrections are determined by the JED method to

account for any travel-time anomalies along the ray path. Since almost

all of the stations except SEO (at 9.50) are located at greater than 200

from the epicenters, the ray paths are through the lower mantle. This

suggests that the corrections are mostly for crust and upper mantle at the

stations since the lower mantle is thought to be relatively homogeneous

(Carder, 1964; Jeffreys, 1968; Nuirhead and Cleary, 1969). The effect of

using different travel-time tables will only affect the location of the

calibration event and not the relative locations of the epicenters. A

check on the accuracy of slightly different epicenters for the calibration

event is provided in the next section.

MICROEARTHQUAKE ACTIVITY

In Figures 4C and 4D both epicenter distributions form a linear zone

trending N30°E (± 50) which is parallel to the LAISAT-1 lineation. Location

of small earthquakes in the region provides independent data to determine

which calibration event most accurately locates the epicenters. Seismologists

from the Institute of Geophysics in Peking studied the epicentral area

six months after the March 1966 events with data from seven district

(permanent) stations, five temporary stations, and some portable instruments

well distributed on and around the faults area (Yao et al., 1974). They

recorded 78 microearthquakes in a three-month period from September to

November, 1966. These epicenters are plotted in Figure 8B. The average
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magnitude (Ns) was between 3.0 and 3.5 although events were reported as

low as 2.4 and as high as 4.5. There is no obvious relationship between the

magnitude or location of an event and the time the microearthquake occurred.

Another microeartbquake survey was conducted by Li et al. (1973)

using nearby stations. They recorded 231 small events from 1968 to 1972.

These epicenters are plotted in Figure 8C. The range of magnitude (M ) for

these events is from 2.5 to 5.2. The trend of these epicenters is N35°E

which is the same as the trend of the 1966 microearthquakes shown in Figure

8B. In both cases the epicenters are slightly east of the LANDSAT-l

determined linear. The JED relocations using the station-corrected

calibration event of Figure 4D best matches the distribution of microearth-

quakes determined by Chinese seismologists using local stations. This

figure is shown again in Figure 8A.

The majority of the 231 small events recorded by Li et al. (1973)

were between 15 and 25 km with extremes of 7 and 31 km. These depths are

similar to the 78 recorded by Yao et al. (1974). Figure 9 shows two

cross-sections parallel and perpendicular to the epicenter trend of the

microearthquakes in Figure 8B. From both sections it is apparent that the

majority of the microearthquakes occurred in a 15 km zone from 12 to 27 km

in depht. This is in agreement with the depths determined from pP phases

and ISC depth calculations for the teleseismically recorded events.

FAULT PLANE SOLUTIONS

An additional check on the epicenter distribution is provided by using

the fault plane solutions of Molnar et al. (1974). They determined four

fault plane solutions for the series for the events 1, 9, 10, and 17. Fault

plane solutions for events 10 and 17 are not well constrained due to poor
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azimuthal coverage. The azimuthal coverage for events 1 and 9 is better,

but due to the difficulty in reading first motions from emergent phases of

shallow focus earthquakes, as well as the small amplitudes near the nodal

planes, the resulting fault planes are only approximately located. On

each of the focal diagrams there are inconsistencies in the sense of motion

around the nodal planes. The resulting fault planes they determined strike

N240E and N20oE for events 1 and 9 respectively as shown in Figure 4C. The

faults are on a vertical plane and the sense of motion is right-lateral

strike-slip. In addition, Li et al. (1973) determined two composite fault

plane solutions for the 231 events they recorded between 1968 and 1972.

There were again some inconsistencies, but the determined nodal plane

strikes N18 E at a dip of 780 (Figure 8C).

DISCUSSION

The fault zone associated with the 1966 earthquakes is best defined

by the relocated epicenters in Figure 4D using the method of Joint

Epicenter Determination along with a station-corrected calibration event.

The epicenter trend closely matches the linear determined from LANSAT-1

imagery. The only surface manifestiation of the faulting were some sand

volcanoes in the supra-basement sediments (Bolt, 1971). Chinese geophysi-

cists have attempted to better define the fault zone in the basement rocks

underlying the sediments by using leveling, seismic reflection and seismic

refraction methods.

Tenget al. (1975) used artificial explosions to determine the

structure in the epicentral area. They reported results showing a complex

fracture zone 10-20 km wide with deep faults extending through the

Nohorcvic6i' discontinuity. A report by the Geodetic Survey Brigade (1975)
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correlated releveling measurements with the seismically determined faults.

The faults were shown as northeast and north-northeast normal faults and

are located in the region defined by the JED epicenters and microearthquakes

of Figure 8. The results of the releveling measurements showed right-

lateral horizontal offset accompanied by lesser movements of horizontal

extension and vertical subsidence. Chen et al. (1975) modeled the ground

deformation using dislocation theory and obtained a model of compound

faulting in a zone 30 km wide. The faults had a strike of N35 E and

were mostly right-lateral strike-slip faults with some normal faulting.

This is in good agreement with the trend determined using the method of

JED and the obser-ed LAN DSAT-I linear. The linear determined from LU"SAT-!

imagery ratches the western boundary of the geophysically determined fault

zone of the Geodetic Survey Brigade. This explains why the majority of the

relocated epicenters and the microearthquakes lie to the east of the linear.

Cher et al. (1975) also gives the locations of five earthquakes of

the 1966 series. They did not report on the location method, number of

reporting stations, station distribution, or accuracy of the given

locations. The location of the station-corrected calibration event

determined in this paper is only 1.6 km different from that reported by

Chen et al. (1975). One of the largest differences in location is for the

event on March 7, 1966. From the quality listed for this event in Table 8

one can see that this is the worst relocation. The poor location is because

of the very emergent character of the P arrivals. This event was included

in the relocations only because Molnr et al. (1974) published a fault

plane solution for this event. This epicenter is 23 km different from the

Chinese location.

The fault zone determined by the JED method of relocation, !NDSAT-I

imagery, and Chinese geophysical studies is parallel to many other northeast
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striking faults in northern China. In addition to the faUlts shoumiins

Figure 2JA, Bolt (1971) reported that northeast striki-- faul~ts 'have b0een.

extensively mapped on the northern part of the 7orth China IPlam near-

Pekting. Locally, the faulting associated with thbe 1966 e a IS lv _-

subparallel to the faulting in the eastern Tai-}lano 14 ntaips.

The four fault plane solutions detexrmined for the 1966 ~ a

well as the two others in the North China Plain all hav-.e ne-a= yv hr- ontal.

T-axes oriented north-northwvest--south-so-thea--. Th-e ie c

horizontal extension determined bv the Geodetic Survey T r ig (19,5

from releveling data is also in this direction. in a-Jirion. thi's

orientation of the T-axes is consistent with the direction a.ex n_

of the Shansi Graben syste-n- Both Bolt (1971) and Li et a!. (973 lave

suggested that the tectonics of northern China appears to be coo* lled

by north-northwsest--south-southeast extension. Molnar et al (Q~

suggest that these tectonics are end effects related to the 3--rge -0ft-

lateral strike-slip faults in central and western China tha?_ ri:Lkz

east--west.

Further studies are necessary to determine the ori of--th-

and complex tectonics of northern China.

COINGCT'IMN

Thi4S paper evaluates t e use of the vethod of Joint Ep--"Itr

Determination along with LAIOSAT-l imagery for locating faul zone

associated with shallow focus seismicity. The muethod of M= is a -etIoma1

and statistical method of correcting for travel1-time anomoral' due to

station and path effects. JED reduces the wtount of scatter a' -2enter
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locations even when compared to the best ISC date. By care sv Lein

a series of earthquakes in northern China itis concluded a ne can

teleseismically locate well-determined fault planes by usn mathod of

JED in conjunction with other remote sensing techniques such as fault'%TSA a mt*-d, cz provide

plane solution studies and L4 ASAT-1 imagery. These neI-ud- Ero

valuable tectonic information for regions where detailed ficlh stdieS

are not possible.
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TABLE 1

STATIONS USED IN TIM JED PL0AIU

Station Abbreviation Latitude Longitude iDpic entral Distanne" A~t

SEO 37.57 N 126.97'r. 9.5 86,

BOD 57.85 N 114.18 E 2035

BAG 16.41 N 120.58 E 2216

SIU. 25.57 N 91.88 E 23 24

C11G 18.79 N 98.98 E 23 2241

QUJE 30.19 N 66.95 E 40 274

IMV -40.65 N 46.33 E 5229

BRW 71.30 N 156.75 W4 54 23

KIN 64.09 N 27.71 E 5632

COL 64.90 N 147.79 W 60 29

IIC 76.24 N 119.36 W 61 1

NCTA 20.09 S 146.25 E 64 li4,7

RES 74.69 N 94.90 W 66 8

YKC 62.48 N 114.48 W 73 2 2

MAOz 44.85 N 117.31 W 85 34

EUR 39.48 N 115.97 W 90 3 7

UBO 40.32 N 109.57 W 92 33

This is the epicentral distance (in degrees) and azinuth from -he

calibration event to the station.
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TABLE 3

RELOCATED ELPICESTER.S ro, wnr LARr-eQU-AKE SERIES IN NORTHEASTERN CH!NA

I.S.C. CALIBRATION -r STATION CORRECTED CALIBRATION EVENT

EV DATE ORIGIN TLME LATITUDE L;,IY.IrLD QlALIfl
5 

CRloIN TIME IATITrDE LOF;IE qUALIf' N* nAGNrDL s.

1 713/66 21:29:12.25 37.47 115.03 D 21:29:17.19 37.41 115.12 D 16 5.8 (6.8 I.)
2 8/3/66 00:04:48:22 37.77 315.03 A 00:04:53.07 37.75 115.08 A 9 4.3
3 8/3166 02:04:,17.;s 37.41 114.91 A 02:04:22.30 37.35 114.96 A 13 _.7
4 8/3/66 03:46:34.13 37.63 115.04 A 03:46:38.99 37.60 1i5.10 A 14 4.8
5 8/3/66 07:36:4i.89 37.53 114.66 B 07:36:46.71 37.54 11-.93 B 13 4.7
6 11/3/66 06:20:45.72 37.38 116.90 A 06:20:-0.60  37.37 114.95 A 10 4.4 (USCS)
7 19/3166 16:59:35.53 37.46 114.55 A 16:59:43.40 37.43 114.91 A 15 4.5
8 22/3/66 05:57:41.4-9 37.60 115.08 B 05:57:46.38 37.57 115.15 B 10 4.5
9 22/3/66 05:11:33.0O 37.54 115.00 - 03:11:38.36 37.51 115.07 - -- 5.6

10 22/3166 03:19:30.03 37.59 115.20 A 68:19:3-.91 37.57 115.26 A 12 5.9 (7.0
11 22/3/66 11:08:34.39 37.68 115.02 A 11:O:39.29 37.66 115.03 A 15 5.1
12 22/3/66 11:37:26.01 37.68 115.11 A 11:37:30.89 37.65 115.19 B 11 4.7
13 22/3/66 12:0S:0G.S2 37.71 115.09 A 12:08:05.80 37.7& 115.15 12 4.8
14 23/3/66 17:27:58.-s 37.54 114.98 A 17:28:03.03 37.51 11.04 A 14 4.8
15 25/3/66 06:33:19.23 37.77 115.18 B G6:33:24.09 37.74 115.24 B 11 5

16 26/3/66 15:14:29.03 37.78 115.16 A 15:14:33.96 37.76 125.22 A 12 4.7
17 26/3/66 15:15:59.55 37.78 115.27 A 15:19:04.43 37.75 115.33 A 12 5.2
18 26/3/66 18:14:18.25 37.78 115.15 A 18:14:23.06 37.75 115.71 A 14 4.9
19 27/3/66 20:57:15.63 37.74 115.14 B 20:57:20.44 37.72 115.20 E 12 4.8
20 2813/66 03:26:26.59 37.32 114.82 A 03.26:31.45 37.29 H188 A 13 4.921 2836 

03*26:31.48 37.9o 115- 
31-21 28/3/66 14:03:00.58 37.90 115.18 A 14:03:05.41 37.67 115.25 A 9 4.5

22 29/3/66 06:11:56.57 37.53 115.00 A 06:12:01.4 37.51 115.06 A 14 5.3
23 29/3/66 15:44:54.72 37.80 115.18 A 15:14:59.59 37.78 115.23 A 14 47
24 5/4/66 16:29:38.13 37.89 115.29 A 16:29:42.99 37.86 115.34 A 14 4.6
25 6/4/66 03:12:12.21 37.46 114.91 B 03:12:16.98 37.43 114.95 B 7 4.9
26 10/4/66 06:53:04.79 37.66 115.22 A 06:53:09.64 37.63 115.28 A 13 4.9
27 201/466 14:31:20.98 37.28 114.87 14;:31:25.80 37.24 114.94 13 4.7
28 25/8/66 23:42:50.75 37.60 115.20 B 23:42:55.50 37.57 115.28 B 7 45
29 10/10/67 01:07:46.66 37.43 114.78 B 01:07:51.95 37.38 114.93 B 4.7
30 28/11/67 18:21:.5.56 37.87 115.21 B 18:21:50.44 37.84 115.34 B 9
31 2/12167 20:05:52.13 37.80 115.25 B 20:05:57.06 37.78 15.3; A 15 5.3
32 7/1/66 04:05:34.32 37.54 115.30 B 04:5:39.45 37.55 115.42 B 9 4.8
33 15/1/68 19:33:55.00 37.82 115.5. B 19:33:59.88 37.79 115.62 A 15 5.0
34 14/5/68 19:47:00.50 37.35 114.93 B 19:47:05.44 37.36 115.01
35 1515/68 00:27:20.47 37.44 114.85 9 00:27:25.31 37.42 114.95 A 10 4.7

All earthquakes relocated using the :ethod of Joint Epicenter eterinatio.
*Qulity A denotes smi-±ajor axes of the 90, confidence ellipse less tha 10 k .

*5
N is the nonber of stations used in the relocation procedure.

M '.agnitude is the I.S.C. determinatln unless otnenLae noted.

Event 9 is the calibration event.



FIGURE CAPTIONS

Figure 1: Instrumentally located seisnicity of China and surrounding

regions, 1904 to February 1975. The data are from the

following sources:

1904-1952: Seismicity of the Earth. Gutenberg and Richter (1954)

1953-1965: Seismicity of the Earth, Rothe (1969)

1966-1970: Bulletin of the international Seismic Centra

1971-February 1975: Hyocenter Data File of the National

Oceanic and Atmospheric Administration

Epicenters from the last two sources are plott e only for those

events with more than ten reporting stations. The region in

the dashed outline is shown, in Figure 2.

Figure 2: A. Instrumentally located shallow focus seismicity and major

tectonic features of northern China. Earthquakes cover

the period from 1904 to February 1975 with the data sources

listed in Figure 1. For two clusters of events only the

largest events are snown and the total number of events is

indicated. Earthquakes with published fault plane solutions

are sho-n. as darkened circles along with the sense of motion.

Physiogranhic features and Quaternary faulting are matpnped

from LNDSAT-1 imagery. The boundary of the North China

Plain is shown in light dashes.

B. Historically located ear thualkes from the Chinese Earthuake

Catalog (1970) covering the period 1177 B.C. to 1903 A.D.

Figure 3: LARDSAT-l image (no. 1486-02285) of the region outlined in

Figure 2 showing the fault scarn near th -i-H-ang Mountains

= - ---



southwest of Hsing-T'ai and its extension into the ailuvi of

the North China Plain.

Figure 4: A. Historically and instrumentally located epicenters in the

region of the North China Plain outlined in Figure 2. The
earthquake data cover the period fron 777 to 1974 with the

sources listed in Figare 1. Historically located epicenters

(m 2 6.0) are plotted as crosses (two events). The calibration

event is shown as a darkened circle in all mans bxvn. The

lineation is taken from LANSAT-1 imagery.

B. Selected epicenters from Figure 4tA wth the best iSC

locations.

C. JE epicenterlocations using the calibration event location

given by the ISC.

D. JD epicenter locations using the station-corrected

I calibration event. Published fault plane solutions are from

Moinar et al. (1974).

Figer 5: ISC magnitudes (m) for the earthquakes during the first two

months of the 1966 earthquare series. The calibration event

is shown as a darkened circle.

Figure 6: TANSS seismogram of the short period vertical component for the

March 7, 1966 earth-a'-'e recorded at Adelaide, South IAstralia

( = 750). The second arrival, a possible pP phase, occurs

about 7.5 seconds after the first arrival.

Figure 7: Calibration event locations determined by different methods

and the standard error of each solution. "i'SC" represents :he

--__ _ § Ij



location taken fromn thr Bxulleti of the ISC. 1'J-B" and "ITEPT

represent the locations obtaina. by using, the ISOC arrival time

and computed usi g Corn-ell's sing 'a-event locat-ion program wi~

Jetfreys-LBullen (1940) tales adHerrini at al. (1968) tables

respectivelv. "STAfOI4 I-CORRECTIED" reresenuts the locato otIned

by using- te ISO arrival times and the qtatj 0 - correctofls

Dublishned by Herrinl and Taggart (1968B).

Rigwre 8: A. J epicenter_ locatio..:ns usi-- the Starion-Correured cral a 0rl

event. Publ'- ihed foault ulanne solutions aefrom 1Aolnar

et al. (1974).

2.Iiecerthcuakes located by Yao et al. (1974 durin a two

month period occurring six months afte the min sok 96

C. Nlicroearthwaakes located by- 1.i et al. (WTh occurvring b-eteen.

1968 and 1972 and their co. osite fault m1. -2 solu tion.

Figure 9: Cross-sections parallel (,left)_ and werpc-diculr.r (rh)to

-the trerw o f the 19,66 micrcoaartheuake epict.- r of Fgre 3.N
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* , APPENDIX H

* QUATERNARY FAULTING IN EASTERN TAIWAN

James E. York

Department of Geological Sciences

Cornell University

Kimball Hall

Ithaca, New York 14853

ABSTRACT

The Longitudinal Valley of eastern Taiwan probably marks the suture of

a late Cenozoic collision between an island arc and the Asian continent.

At present, the Longitudinal Valley represents the main active tectonic

feature of the boundary between the Eurasian and Philippine plates in

Taiwan. Previously published instantaneous poles of rotation indicate

that this boundary in the Taiwan region is predominantly convergent with

a component of left-lateral strike-slip motion, although cases of historic

surface faulting suggest that the boundary is mainly strike-slip. New

geologic field work provides evidence of both convergence and strike-slip

motion in the Longitudinal Valley during the Quaternary. Some convergence

is apparently also occurring west of the Longitudinal Valley, resulting

In uplift of the Central Range and Foothill-Zone;

/i
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INTRODUCTION

The Island of Taiwan, lying between the Philippine Sea and mainland

China, is part of the seismically active region near the ends of the Ryukyu

and Manila trenches (Figure 1). The seismicity of Taiwan is concentrated

in the eastern part, although earthquakes do occur throughout the island.

Known historic surface faulting in Taiwan (Figure 2) and fault plane

solutions near Taiwan (Wu, 1970) indicate that the tectonics of the Taiwan

region is complicated, but from the geology, one main boundary in Taiwan

between the Philippine and Eurasian plates appears evident. This boundary

ft the Longitudinal Valley (Figure 2). One main plate boundary amid a

zone of active faults of different types is typical of other seismically

active areas also, such as California.

IBecause the Longitudinal Valley separates two geologically different

mountain ranges, one of which has volcanic island arc affinities, it probably

represents the suture of an island arc-continent collision (Biq, 1972).

The age of this collision is late Cenozoic. Earthquakes extending to depths

of 100 km beneath Taiwan (Katsumata and Sykes, 1969) probably result

from subduction associated with the closing of the oceanic basin which probably

once existed between the two mountain ranges. From studying large earthquakes

elsewhere along the Philippine-Eurasian plate-boundary to determine the pole and

-rate of relative rotation, Fitch (1972) concluded that this boundary in Taiwan-Is

predominantly convergent. His conclusion is in accordance with the

hypothesis that the collision is still occurring. However, surface

faulting in 1951 (Hsu, 1962) showed predominantly left-lateral strike-slip

faulting. To help resolve the problem of the relative importance of

t = strike-slip versus convergent motion, new geologic field work was undertaken

in 1974.

-- mow
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Solving this problem includes the determination of the type and

age of activity of major faults in and along the Longitudinal Valley. Such

a study is important for evaluating seismic risk (Allen, 1975), as well as

for studying the process of an island arc-continent collision (Dewey and

Bird, 1970). Besides additional.evidence for the strike-slip fault running

through the valley, evidence for Quaternary thrusting in the

southern part of the valley along a fault t-hat may represent the main

The geology of Taiwan has recently been reviewed by Ho (1967), and

only a brief summary will be given here. The island is separated from

main-land China by the shallow (less than 100 m depth) Taiwan Straits.

Taiwan consists of four main geologic provinces (Figure 2). The Coastal

Range consists of Miocene andesites (Tuluanshan Formation), Miocene-Pliocene

flysch (Chimei and Takangkou Formations), a Plio-Pleistocene melange (Lichi

Formation) that contains exotic blocks interpreted as fragments of oceanic

lithosphere, and a Plio-Pleistocene conglomerate (Pinansban conglomerate)

with clasts from the Central Range. These rock units differ considerably

from most of the other rock units in Taiwan. The andesites and melange

probably represent island arc volcanics and trench deposits, respectively.

Eastward dipping thrust faults within the Coastal Range and the sharp

boundary between the Coastal and Central Ranges together with the presence

of the andesites and melange suggest that an oceanic basin once existed

between the two ranges and that this basin was consumed in a subduction

zone dipping eastward beneath tie Coastal Range. Plate tectonic models

* with such an interpretation have been presented by Biq (1972), Chai

(1972), and Karig (1973), although alternative interpretations, with a

subduction zone dipping westward beneath the Coastal Range, have been
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given by Jahn (1972) and Murphy (1973). A gravity profile across Taiwan

supports the concept of an eastward dipping subduction zone (Lu and Wu,

1974). Intermediate depth earthquakes occur beneath Taiwan (Katsumata and

Sykes, 1969; M.T. Hsu, 1971) but do not define a clear direction of dip,

perhaps because subduction is presently occurring over a wide zone.

The Central Range contains a schist belt overlain by Paleogene

slates and quartzites. The schist belt contains greenschist, marble, black

schist, siliceous schist, and migmatite. Deformed fossils in the schists

gives a Permo-Triassic age (Yen, 1954). Two -K/Ar dates-on mica give ages of

33 and 86 million years (Yen and Rosenblum, 1963) ,but the ages may be

affected'by subsequent thermal events. The topography of the Central

Range is rugged and steep, despite the high rainfall and abundance of

weak schists and slates. The topography probably indicates rapid

Plio-Pleistocene and Recent uplift.

The Foothill zone consists mainly of Miocene sandstones and shales

and Plio-Pleistocene conglomerates. The conglomerates, which are made
" of Foosthl on cosssmil fMoeesnsoe n ha

of clasts from the Central Range, probably record the rapid uplift of that

range. These conglomerates are both overlain and underthrust by the

Quaternary sediments of the Coastal Plain.

LONGITUDINAL VALLEY

The linearity, narrowness, and low elevation of the Longitudinal

Valley make it prominent on satellite imagery (Figure 3). In addition to

this peculiar morphology, the Longitudinal Valley has exceptional thicknesses

of alluvium. Thicknesses of about 2 km have been measured by seismic

refraction along the western side of the valley (Tsai et al., 1974).

Alluvium in the center may well be thicker. Along most of the valley,
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alluvium separates the Central and Coastal Ranges by a few kilometers.

Spectacular bare alluvial fans are visible on the satellite Imagery

(Figure 3), as well as on aerial photography (Figure 5).

At a few localities, possible contacts between the two ranges have

been described. Yen (1965) described a locality near Juisui (Figure 4)

Auere rocks of the Central Range overthrust young sediments, but these

sediments show no clear resemblance to rocks of the Coastal Range. Hsu

(1956) reported an outcrop or possibly a large boulder of schist near

Full (Figure 4) within a few meters of exposures of rocks of the Coastal

Range, but the contact relation could not be determined. Only in the

southernmost part of the valley do the alluviil deposits narrow sufficiently

for geologic contacts to be exposed and traceable across the alluvium

(Figure 6).

Quaternary Fault Movements

The seismicity (Figure 1) suggests that eastern Taiwan is the most

tectonically active part of Taiwan. Left-lateral strike-slip faulting

(Figure 2 and Fl and F2 in Figure 4) in the Longitudinal Valley occurred

4during two earthquakes in 1951 (Hsu, 1962). The one reported measured strike-slip

displacement was 1.63 a (Hsu, 1962). In addition to strike-slip faulting,

a smaller component of vertical faulting, with the east side moving up

relative to the west side, was observed at some localities in 1951. The exposed

fault planes were nearly vertical. Re-triangulation showed average left-

lateral movement of 3.65 a across the northern part of the Longitudinal

Valley between surveys in 1971 and 1909-1942 (Chen, 1974). Hsu (1962)

also described a linear scarp near Chihshang (F3 in Figure 4) with water

ponded on the west side. This scarp, preserved at a drainage divide,

probably represents Quaternary faulting. The high seismicity, surface



faulting, and linearity of the Longitudinal Valley are evidence for

a continuous major strike-slip fault running through the valley (Allen,

1962).

To complement the field work, aerial photographs were examined during

this study. In the northern third of the Coastal Range and a few kilometers

east of the Longitudinal Valley, another strike-slip fault appears on

air photos (Figure 5 and F4 in Figure 4). The main river in this section

of the Longitudinal Valley flows northward, yet many westward flowing

tributaries are offset to the south (as viewed from upstream). Such

offsets are suggestive of Quaternary left-lateral strike-slip movement.

The linear trace of the fault across the varying topography indicates

that the fault plane is nearly vertical. Although no historic movement

on this fault has been documented, it probably is part of an active system

of strike-slip faulting in eastern Taiwan.

In addition to strike-slip faulting, evidence of Quaternary thrust

faulting was found during this study in the southern part of the Longitudinal

Valley. There a Plio-Pleistocene unit, the Pinanshan conglomerate, is exposed

between the slates of the Central Range and the melange unit, the Lichi Formation,

of the Coastal Range (Figure 6). The contact between the conglomerate

and the melange is a thrust fault that is well exposed in river cliffs.

At one locality this thrust fault cuts across a serpentine block in the

melange. At another locality, the thrust fault offsets flat-lying

alluvial deposits that -are probably Quaternary in age (Figure 7 and F5

in Figure 4). Because this fault separates two widely different rock units,

a conglomerate with clasts derived from the Central Range and a melange

probably from an oceanic trench, and because the fault offsets

Quaternary alluvial deposits, it appears to be a major fault that has been
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accommodating some of the convergent notion between the Philippine and

Eurasian plates during the Quaternary.

West of the Pinanshan conglomerate another major fault (F6 in

Figure 4) separates the conglomerate from the slates of the Central

Range. A fault zone about 100 m wide is exposed at one locality, but

no conclusive evidence to determine thte sense of motion on the fault

was found. This fault is probably a continuation of the left-lateral

strike-slip fault which moved during 1951 farther north, because field

work and aerial photograph investigations limit a continuous major

strike-slip fault to this locality. At least several kilometers of.

movement has probably occurred on this fault since deposition of

the Plio-Pleistocene Pinanshan conglomerate, because the source for

the clasts n the Pinanshan conglomerate is not the same source which

is depositing gravels presently. Besides quartzites and schists, the

Pinanshan conglomerate contains marble, which is absent both from

terrace gravels undonformably overlying the Pinanshan conglomerate

4Iand from Central Range rocks immediately to the vest. Also, the

younger terrace gravels contain predominantly slate, which is virtually

absent from the older conglomerate. Thus there appear to be two

major faults in the southern part of the Longitudinal Valley (Figure 6).

CONCLUSIONS

The Longitudinal Valley, remarkably linear and averaging about 4 km

in width, is the major tectonic feature in eastern Taiwan. Yet alluvial

fill and rapid erosion prevents unambiguous interpretations of the kind

of faulting along the valley for most of its length. For example,

the 1951 surface faulting occurred in the alluvium, and evidence for

these breaks had been obliterated by 1974, because of the very active
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erosIonal processes during the typhoon season. Along most of the valley

the only evidence for Quaternary tectonic activity found during this

study was dissected terrace gravels that have been steeply tilted at three

localities (near Hualien, Juisui, and Luyeh, Figure 4) and five s1- ills

of younger alluvium tOat have been tilted and dissected at the western side

of the Coastal Range a few kilometers southwest of Txgli (Figure 4). -Less

intense erosion in western Taiwan probably accounts for the better preservation

of evidence for Quaternary faulting there. Thus pore Quarternary faults

are found there than in eastern Taiwan (Bon-lla, 1975), although the seisaicity

(Figure 1) indicates that eastern Taiwan is more active tectonically.

Only in the southernmost part of the valley were fault ones between

major rock units seen. The thrust of the Lichi melange of the Coastal

Range over the Pinanshan conglomerate, derived from the Central Range, and

Quaternary alluvial deposits may represent the boundary of the island

arc-continent collision. Although no historic earthquakes can definitely

be attributed to this thrust, its Quaternary activity suggests that it

may be a potentially active fault (Allen, 1975). The zone of collision is

not simple, however, and certainly strike-slip faulting has been occurring

also. The existence of a thrust fault and a probable strike-slip fault,

both possibly active, spaced only a few kilometers apart (Figure 6) raises

interesting questions about how they were generated, how continued activity

might affect e morphology of the Longitudinal Valleyhat happens at

depth, and what happens farther north in the valley. At present, any

answers to these questions are mainly speculative, and hence only

possibilities are suggested here.

-it

='2 -
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Fitch (1972) has prosed a si-mple odel that accommodates oblique

subduction by two faults, a thrust and a vertical strike-slip fault,

instead of one dipping fault with oblique uotion. If such a model is

applicable to Taiwan, the generation of both types of faults may be

Fig explained. Thether continued thrusting will decrease the width and

inctease the elevation of the longitudinal Valley or not largely depends

on the rate of erosional processes. Small incremental movements of

the Coastal Range westuard relative to the Central Range can easily be

compensated for by erosion, thereby keeping the width of the valley

Inearly constant. Bovever, in the southern part of the valley the surface

trace of the thrust is in some places vest of the main river running

south through this part of the valley (Figure 6), and thus there the

valley night be closing. Answers regarding what happens to the faults

- at depth and u.tat type of rocks exist between the faults at depth must

- depend on further detailed geophysical work on land, some of which is in

progress (C.P. Lu, personal co---sication, 1975). as well as further work

an the nearby marine geology. No exposures of either the thrust fault

or the strike slip fault were found north of the area in Figure 6; thus

= their true extent is still an open quest ion.

Not all of the convergent motion in Taiwan between the Philippine and

Eurasian plates has been taking place in the Longitudinal Valley. The

geology and seismicity of the Central Range plus the fault piane solution

by Wu (l970) suggest-that thrusting is also occurring there. The geologic

evidence supports eastward dipping thrusts there, altough right-lateral

=strike-slip faulting, nearly conjugate to the left-lateral frlting in

the Longitudinal Valley, has also occurred near the Central Range during

= I historic earthquakes (Figure 2) Subsequent crustal thickening and

isostatic uplift may be responsible for the high topography of the Central Range.
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FIGURE CAPTIONS

Figure 1: Seismicity of the Taiwan region, 1961-1972. Circles represent

hypocenters less than 70 km deep; squares, 70-300 km deep.

Epicenters redrawn from Tsai et al. (1973). Trench depths in km.

Figure 2: Geologic provinces of Taiwan (from Biq, 1974). Also shown are

known cases of historic surface faulting (data from Chang et al.,

1947; Richter, 1958; Hsu, T.L., 1962). Elevations of highest

peaks in Central and Coastal Ranges in meters.

Figure 3: Mosaic of Landsat-I imagery of Taiwan. Imagery of MSS band 5,

taken 1 November 1972.

Figure 4: Longitudinal Valley, Coastal Range, and part of Central Range.

Fault localities are referenced in text. Contours at 400,

1000, 2000 and 3000 m.

Figure 5: Vertical aerial photograph of a fault (arrows) showing left-

lateral stream offsets in the northern part of the Coastal

Range. A part of the Longitudinal Valley is in the western

half of the photograph; some hills of the Central Range are

visible along parts of the western edge of the photograph.

Fenglin (Figure 4) is in the southwestern quarter of the

photograph.

Figure 6: Geologic map of the southern portion of the Longitudinal

Valley. Qal - alluvium, PQp - Pinanshan Conglomerate,

PQI- Lichi Formation, MlPs - Chimei Formation, M - limestone,
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Mt - Tuluanshan Formation, Eo - slate and quartzite. See

text and T. L. Hsu (1956) for descriptions of rock units.

The contacts between Eo and PQp and between PQp and PQl are

faults, dashed where approximate and dotted where concealed.

Elevations are in meters.

Figure 7: Thrust fault (arrows) separating Lichi Formation (hanging

wall) from Pinanshan conglomerate and overlying alluvial

deposits (footwall). Distance from top to bottom is about

5 meters.
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